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STUDENT INFORMATION 



This is a two-semester-hour credit course. It is divided into seven 
units called modules. Each module is divided into an appropriate number 
of learning activities, i.e., each learning activity is approximately 
equivalent to one hour of conventional lecture material. This means you 
will be studying about thirty hours of prepared materials. As is true 
of any course, study time beyond the time spend in class is required. 
You should allow at least one-two hours of study for each hour of material 
covered. 

It is, therefore, obvious that when taking a self-paced tutorial 
course that you must develop study habits that carry you through the 
material at a uniform pace. In fact, your instructor may force you to 
complete each module by some predesignated time or you will be dropped 
from the course or your grade may be appropriately lowered. 

Tutorial assistance will be arranged and announced at the first 
class meeting. An instructor will be available at a designated time 
and place at least two hours a week. In most cases, the instructor 
will be available more often. 

Each module and each learning activity will have a short list of 
objectives, i.e., you will know what you are expected to learn from each 
set of material . 

After you have completed your study of each learning activity, you 
should take the self-assessment test. This is for your use as a tool 
to assess whether you have properly studied the material . 

After completing all the learning activities in a module, you 
should see your instructor. He will give you a test covering that 

module. 

Remember to study carefully the materials presented to you. They 
have been selected and arranged in an order to lead you through the sub- 
ject material. The self-paced concept, with tutorial help, will be one 
you will use throughout your career, i.e., you will collect materials 
pertinent to your job, study those materials, discuss the subject matter 
with experts, consultants, co-workers, etc., form your conclusions and 
make decisions. You will have to, in many cases, defend your decisions 
(in a sense be tested on these decisions). 

The preparation of this course material has been partially sup- 
ported by Higher Education Directorate of the National Science Foundation 
(NSF-HES-75-04821). 



ARTHUR LAKES LIBRARY 
COLORADO SCHOOL OF MINES 
GOLDEN. CO 80401 



UNIT PROCESSES IN EXTRACTIVE METALLURGY-HYDROMETALLURGY 

Course Outline 



Module 1 

Fundamentals - Solution Chemistry 

1.1 Introduction Learning Activity 1 

1. Liquid State 

2. Structure and Properties of Aqueous 
Solutions 

3. Stabil ity Relations 

4. Reaction Types 



1.2 Activity - Concentration Relationships 

1. Definition of Standard State 

2. Mean Ionic Activity - Individual Ionic 
Activity 

3. Estimating Ionic Activity Coefficients 

1.3 Complex Equilibria 

1. Complex Ions 

2. Stability Constants 

3. Distribution of Species 

4. Computer Program for Solution Equilibrium 
Calculations 

1.4 Oxidation-Reduction Reactions 

1. Convention 

2. Electrochemical Phase Diagrams 

3. Appendix 



Learning Activity 2 



Learning Activity 3 

Learning Activity 4 
Learning Activity 5, 6 






Module 2 



Fundamentals - Mass Transfer and Reaction Kinetics 



2.1 Introduction 

1. Classification of Reactions 

2. Definition of Reaction Rate 

2.2 Homogeneous Kinetics 

1. Law of Mass Action and Rate Law 

2. Theories of Rate Constant 

3. Catalysis 

4. Reaction Order from Batch Reactor Data 

5. Suggested Readings 

2.3 Heterogeneous Kinetics 

1 . Reaction Steps and the Rate Con- 
trol ling Step 

2. Transport Within Phases 

3. Kinetics of Adsorption Reactions 

4. Reaction of the Interface 



Learning Activity 1 



Learning Activity 2 



Learning Activity 3 



Learning Activity 4 






5. Electrochemical Reaction on an Electrode 
Surface 

6. Rate Equation for Heterogeneous Reaction - Learning Activity 5 
Flat Plate Geometry 

7. Fluid-Particle Reaction - Spherical Learning Activity 6 
Geometry 

8. Suggested Readings 

2.4 Rate Phenomenon in Hydrometallurgical Processes Learning Activity 7 

1. Dissolution of Metal by Spinning Disc 
Technique 

2. Dissolution of Oxides 

2.5 References 



Module 3 

Leaching Systems Fundamentals 

3.1 Particle Characterization Learning Activity 1 

1 . Particle Size 

2. Particle Shape 

3. Shape Factor 

4. Particle Size Distribution 

5. References 






3.2 Hydrodynamics and Mass Transfer for a Learning Activity 2 

Packed Bed -" , 

1. Flow Through a Packed Bed 

2. Mass Transfer Between Fluid and Solid 
in a Packed Bed 

3. References 

3.3 Dump and In Situ Leaching Practice 

1. Introduction 

2. Leaching Systems 

1. Conventional Leaching Practice 

2. Solution Mining Systems 

3. Rate Processes 

1. Leaching of Sulfide Ores 

2. Leaching of Oxide Ores 

4. References 

3.4 Agitation Vessels Learning Activity 3 

1. Introduction 

2. Air Lift Agitation Mixer 

1. Types of Pachuca Tanks 

2. Selection pf Pachuca Tank 

3. Scale-up Parameters 

3. Impeller Agitation Mixer 

1. Impellers 

2. Flow Pattern in Impeller Stirred Tank 

3. Energy Dissipation and Power Character- 
istic of Stirred Tank 



4. Suspension of Solid in a Stirred Tank 

5. Mass Transfer to Particles in Agitation 
Tanks 

4. References 

3.5 Reactor Design Learning Activity 4 

1 . Types of Reactors 

2. Design Parameters 

1. Review of the Kinetics of Fluid 
Particle Reaction 

2. Concentration of the Lixiviant 

3. Modeling and Design for Continuous Leaching 
Systems - J. A. Herbst 

1. Symbols and Notations 

2. Description of Governing Equations 

3. Results from Computer Simulation 

4. Design Work Sheet and Example 

4. References 



Module 4 

Phase Separation 

4.1 Thickening Learning Activity 1 

1. Introduction 

2. How a Continuous Thickener Functions 

3. Elements of a Thickener 

4. Some Factors that Size Continuous 
Thickener Basins 

5. Practical Mill Design Considerations for 
Thickeners 

6. Major Factors Influencing Thickener 
Design 

4.2 Filtering Learning Activity 2 

1. Introduction 

2. Types of Continuous Filters 

3. Applied Theory of Continuous Filtration 

4. Applied Thoery Use in Predicting Full 
Scale Results 



Module 5 

Leaching of Metals, Oxides and Sulfides 

5.1 Overview Learning Activity 1 

1. Introduction 

2. Leaching Methods and Equipment 

3. Thermodynamics of Leaching Reactors 

4. Leaching Kinetics 

5. References 



5.2 Leaching of Metals Learning Activity 2 

1 . Gold Cyanidation 

1. Chemistry and Mechanism of Cyanide 
Leaching of Gold 

2. Gold Cyanidation Practice 

3. Conventional Gold Cyanidation 

4. Carbon Adsorption and Desorption 
Process 

5. Electrowinning 

6. Cyanide Heap Leaching of Gold Ore 

7. Cortez Heap Leach Cyanidation 

2. Leaching of Metallic Copper 

1. Chemistry 

2. Practice 

3. References 

5.3 Leaching of Oxides Learning Activity 3, 4 

1. Thermodynamics and Kinetics 

2. Leaching of Uranium Oxides 

1. Hydrometallurgical Process for 
Uranium Oxides 

2. Acid Leaching of Uranium Oxides 

3. Carbonate Leaching of Uranium Oxides 

3. Leaching of Bauxite— Bayer Process 

4. Leaching of Nickel Oxides 

1. General Considerations 

2. Direct Sulfuric Acid Leach 

3. Reductive Roasting/Ammoniacal 
Leaching 

4. Sulfidization Process 

5. Leaching of Ocean Manganese Nodules 

1 . General Considerations 

2. Kennecott Cuprion Process 

6. Leaching of Copper Oxide 

1 . Leaching Methods 

2. In-situ Leaching 

3. Dump Leaching 

4. Heap Leaching 

5. Vat Leaching 

6. Agitation Leaching 

7. References 

5.4 Leaching of Sulfides 

1. Introduction Learning Activity 5 

1. Thermodynamics 

2. Kinetics 

2. Leaching of Nickel and Cobalt Sulfide 
Minerals 

1. Ammonia Oxidation Leaching of Ni-Co 
Sulfides 

2. Acid Leaching of Nickel and Cobalt 
Sulfides 

3. Leaching of Copper-Nickel Matte 



3. Leaching of Copper Sul fides-Fundamental Learning Activity 6 
Studies 

1 . Sulfuric Acid Leach 

2. Ammonia-Oxygen Leach 

3. Ferric Chloride Leach 

4. Nitric Acid Leach 

5. Cyanide Leach 

6. Microbiological Leach Learning Activity 7 

7. Electrochemical 

4. Leaching of Copper Sul fide-Processes Learning Activity 8 

1. Roast-Leach-El ectrowin Process 

2. Ammonia Leach Processes 

3. Ferric Chloride Leach Processes 

4. Acid Leach Processes 

5. Leaching of Other Sulfides 

1. Roast Leach Process for Zinc Sulfide 

2. Direct Leaching of Zinc Sulfide 

6. References 

■■'■.'.-■.?:>■/■•-■ ^ 

Solution Concentration and Purification 

6.1 Solvent Extraction Learning Activity 1 

1. Introduction 

2. Characterization of Extraction Reaction 

3. Extraction Chemistry Learning Activity 2 

4. Solvent Extraction Systems Learning Activity 3 

6.2 Ion Exchange Learning Activity 4 

1. Introduction 

2. General Principles 

1. Chemical Composition and Structure of 
Resins 

2. Selectivity of Ion Exchanger 

3. Kinetics of Ion Exchange Reaction 

3. Hydrometallurgical Applications Learning Activity 5 

1. Uranium Extraction—Chemistry of 
Adsorption and Elution 

2. Uranium Ion Exchange— Processes and 
Equipment 

3. Extraction of Other Metals 

4. Separation of Metal Ions 

Module 7 

Metal Recovery 

7.1 Gaseous Reduction in Aqueous Solution Learning Activity 1 

1. Hydrogen Gas Reduction 

2. Other Gases 

7.2 Cementation Learning Activity 2 



1. Introduction 

2. Theory 

3. Initial Concentration 

4. Temperature 

5. Summary 

7.3 Electrolysis Learning Activity 3 

1. Introduction 

2. Sample Calculations 

3. Electrowinning of Copper Learning Activity 4 

1. Electrowinning Reactions 

2. Cell Voltage and Energy Consumption 

3. Cathode Current Efficiency: Interfering 
Iron Reactions 

4. Purity of Cathode: Behavior of 
Electrolyte Impurities 

5. Electrowinning Tankhouse Practice 

6. Special Problems of Solvent 
Extraction Electrolytes 

7. Recent Improvement in Electrowinning 
Procedure 

8. Summary 

7.4 Electrowinning Plant Practice Learning Activity 5 

1 . Purpose of Process 

2. The Cathodic Process 

3. The Anodic Process 

4. Solution Mixing 

5. Control of Acid Mist 

6. Problems of Heat Generation 

7. Metal Recovery and Size of Operations 

8. Chemistry and Electrochemistry of the Zinc Cell 

9. Cathode Materials 

10. Anode Materials 

11. Cell Design Considerations 



Hydrometallurgy Introduction 

COURSE INTRODUCTION 

In the broadest sense, the field of hydrometallurgy involves the 
recovery of valuable components from both primary and secondary raw 
materials by relatively low temperature reactions accomplished in an 
aqueous phase. In this regard, the term is a bit misleading since it 
can include the processing of non-metallic particulate materials as well 
as metallic particulate materials. 

Generally, three distinct operations can be identified in any 
hydrometallurgical flowsheet: 

- leaching 

- solution concentration and/or purification 

- product recovery 

Conceptionally, any process can be thought of in terms of the flowsheet 
presented in Figure 1. Common to all hydrometallurgical flowsheets is 
the solid-liquid separation. Generally, the separation is accomplished 
by thickening and/or filtration. This particular aspect can turn out to 
be one of the most critical steps in the processing sequence and always 
requires careful evaluation in the analysis of any proposed or operating 
system. 

Leaching : The various leaching processes that are encountered can 
be classified with respect to reaction chemistry which will be discussed 
in this course. Generally, the particular lixiviant selected for a given 
raw material is one which results in good selectivity for the valuable 
components to be recovered. If many components of the raw material are 
dissolved, then the subsequent leach liquor concentration and purification 
step will become more difficult. However, with respect to process 
engineering, it probably is of more significance to classify the leaching 
operation with respect to the extent of raw material preprocessing rather 
than with respect to reaction chemistry. Leaching systems extend from 
the leaching of marginal low grade ore in which there is no materials 
handling to the leaching of high grade concentrates produced from physical 
and physico-chemical separations by mineral processing technology, see 
Figure 2. 

Leach Liquor (treatment) Concentration and Purification : Impurity 
removal is accomplished by a number of techniques in order to prepare 
the leach solution for product recovery. These techniques are most con- 
veniently classified according to reaction chemistry and include the fol- 
lowing categories: 

precipitation 

cementation 
solvent extraction 
ion exchange 



Hydrometallurgy 



Introduction 



Figure 1. Components of Hydrometallurgical Flowsheets. 
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Figure 2. Leaching Systems. 
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The application of any one of these processes depends mainly on 
the impurities to be removed and the component to be recovered. In 
some instances this intermediate stage of processing will involve the 
selective recovery of a solid phase containing the valuable component, 
e.g., copper cementation from dump leach liquors. In other instances, 
impurities may be removed (either in the solid stage or in aqueous 
stream) with the valuable component to be recovered from a concentrated, 
purified solution, e.g., rejection of impurity components in raffinate 
during solvent extraction of uranium, copper and other metals. 

Product Recovery : The valuable component is then converted into 
a marketable product with associated quality specifications. This product 
recovery phase of hydrometallurgy may involve purification of a solid 
phase or recovery from a concentrated purified aqueous solution. Common 
techniques employed for product recovery include: 

electrolysis 
gaseous reduction 
precipitation 

To appreciate the concepts that have been mentioned, it is worthwhile to 
consider the flowsheets for two common examples of hydrometallurgical 
processes. The first is a typical flowsheet, Figure 3, for the processing 
of uranium ore by agitation leaching with sulfuric acid. In this case 
there is an intermediate level of preprocessing. Solution concentration 
and purification is accomplished by ion exchange, and product recovery 
is achieved by precipitation of yellow cake, sodium diuranate (Na^UpOy)- 

The flowsheet for uranium should be compared to that for dump 
leaching of copper presented in Figure 4. Note that the three distinct 
steps of any hydrometallurgical process can be identified in each case. 
Dump leaching of copper requires considerably less preprocessing than 
the agitation leaching of uranium. Significant differences also are 
seen in the other steps. In the case of copper dump leaching, solution 
concentration and purification is accomplished by solvent extraction 
and product recovery is achieved by electrolysis. 

Probably the unique feature of hydrometallurgical processes which 
distinguishes these systems from other process engineering systems is 
that hydrometallurgical processes specifically involve heterogeneous 
reactions of particulate matter in an aqueous phase. As a result, 
accurate particle characterization ultimately is required in order to 
quantitatively describe the accompanying unit operations. Particle 
characterization includes determination of particle size distribution, 
particle shape, density, specific surface area and porosity. 

Aside from the unique feature of processing particulate assemblies, 
the principles of solution chemistry and the analysis of heterogeneous 
reaction rates provide the fundamental basis for treating these systems 
quantitatively. In this regard, the fundamental principles underlying 
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Figure 3. Uranium Ore Processing. 
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Figure 4. Dump Leaching. 
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the hydrometallurgical operations will be examined during the first 
part of the course, while the application of these principles to leaching, 
solution concentration and/or purification, and product recovery will be 
considered during the later part of this course. 
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LEARNING ACTIVITY 1 

1 .1 Introduction 

Learning Activity Objective 

After completing your study of this material you should be able to 
qualitatively describe the fundamental properties of liquid solutions. 
In addition, you should be able to recognize reaction types and make 
elementary free energy calculations to predict the stability of various 
compounds and species in the aqueous phase. 






- 



- 



1.1.1 Liquid State 

Liquids are intermediate in their properties between solids and 
gases. They are characterized by the fact that they: 

(1) Display a considerable degree of local order reflected 
in the tendency for groups of neighboring molecules to 
arrange themselves in a definite geometric pattern (in 
this sense similar to the solid state). 

(2) On the other hand, the high fluidity of liquids—inability 
to withstand shear forces — results in the virtual absence 
of any long-range order (in this sense similar to the 
gaseous state). 

What attractive forces are operative in the liquid state that 
account for its behavior? The term "le Van der Waals forces" has long 
been used to designate the inter-molecular attractions which give rise 
to deviations from ideality in the behavior of real gases and which 
account for the cohesion of molecular liquids. These forces can be 
considered to arise from three effects: 



Orientation effect } 
Induction effect } 
Dispersion effect } 



le Van der Waal's Forces 









Orientation Effect - Applies to molecules which possess a permanent 
dipole moment resulting in a preferred orientation. A dipole exists 
when an unequal charge distribution exists between atoms in a molecule. 



A:B 



A:B 



like atoms share 
charge equally 



unlike atoms result in unsymmetrical 
charge distribution and a dipole (A is 
more electro-negative than B) 
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The magnitude of this charge difference is expressed in terms of the 
dipole moment, m, which is the product of the charge and the separation 
distance. Dipole moments are on the order of 



10 



-18 



esu-cm [ 



-ft 
molecular distances = 10" cm _, Q -i 

electronic charge" = 4.8 x 10~ esu credits- 1 



The dipole moments for the molecule is the vector sum of constituent 
moments. A perfectly symmetrical molecule will, therefore, be nonpolar 
although it may contain polar linkages, e.g., CCI4, CO2 are symmetrical 
molecules--no moment. On the other hand, HI which has an interatomic 
distance 1.87A might be expected to have a maximum dipole moment of 
(4.8xl0~'°esu) (1.87xl0 _8 cm) = 9xl0" 18 . The measured moment, 0.38xl0" 18 , 
is rather low and indicates the predominately covalent nature of the 
bond. 



The existence of dipoles permit apparently neutral molecules to 
attract ions (charged species) or other molecules which results in 
molecular aggregates which are not compounds in the sense that there 
is no classical chemical bond formation either via electron (e") sharing 
or transfer. Dipole moments for some common molecules are presented in 
Table 1.1.1. 



TABLE 1.1.1. 



Dipole Moments for Various 
Molecules in a Vacuum. 



Molecule 



■.J 8 

y x 10 , esu-cm 



Water (H2O) 
Methanol (CH3OH) 
Ethanol (C2H5OH) 
Ammonia (NH3) 
Isopropanol (C3H7OH) 
Carbon Disulfide (CS2) 
Hydrogen Chloride (HC1) 



1.86 

1.68 

1.70 

1.49 

1.70 



1.03 



Induction Effect - A molecule possessing a permanent dipole will 
affect the charge distribution of neighboring molecules by inducing 
opposing dipoles in them. This results in an induced attractive force, 
e.g., inert gas — hydrates which form at high pressures. 

Dispersion Effect - Finally there are attractive forces which act 
between nonpolar molecules such as atoms of the inert gases. The nature 
of these forces was first suggested by London in 1930. These forces 
apparently have their origin in the continuous variation in the intensity 
of charge concentration in the electron atmosphere. 

Examples of relative molecular interaction effects are presented 
in Table 1.1.2. 



1.1.2 
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TABLE 1.1.2. 



Relative Magnitude of Molecular 
Interaction Effects, (^f^). 





Dipole 


Orienta- 








Substance 


Moment 



tion 


Induction 



Di 


spersion 


A 





57 


CO 


0.12 


0.003 


0.057 




67 


HC1 


1.03 


18.6 


5.4 




105 


H 2 


1.8 


190. 


10. 




47 



(1) Only dispersion forces contribute to the cohesion of 
nonpolar molecules such as argon. 

(2) With fairly polar molecules such as HC1 (D.M.=1.0), 
these dispersion forces still predominate over those 
due to orientation and induction. 

(3) Only with very polar molecules such as H2O which 
have large dipole moments does the orientation forces 
make the major contribution to the overall attractive 
force. 

Attractive forces give rise to energies of molecular attraction 
which generally have an inverse dependence on the sixth power of the 
separation distance, r, i.e., 



molecular 
attraction = 
energy 



-constant«r 



-6 



[1.1.1] 



Repulsive Forces - An intermolecular repulsive potential due to 
coulombic interaction of overlapping electron shells results in repulsion 
energies. These energies can be represented by 



molecular 
repulsion = 
energy 



+constant-r 



-12 



[1.1.2] 



Consequently, when molecules are brought in close proximity the potential 
energy of interaction can be represented schematically in the following 

manner, 



1.1.3 
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Potential 
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(Attraction) 




equi 1 ibri urn 
state 



As molecules approach each other they are attracted to one another, 
the energy of attraction reaching a minimum at the equilibrium position. 
If the separation distance is less, then repulsion forces become more 
predominant. 

Hydrogen Bond - The molecular interaction of dipoles (orientation 
effect; which involves a hydrogen atom are especially strong due to the 
high charge density on the hydrogen atom. This interaction effect is 
called hydrogen bonding and is particularly prevalent in the case of 
water accounting for its unusual physical properties. 

Hydrogen-linked atoms must be strongly electronegative due to the 
electrostatic nature of the bond. In general, the strength of the bond 
increases with increasing electronegativity of the atoms that are bridged 
by hydrogen. Hydrogen bonding is not limited to water but is prevalent 
for inorganic and organic compounds — solids, liquids, and gases. The 
most common atoms which participate in hydrogen bonding are oxygen, nitro- 
gen and fluorine. In certain instances hydrogen bonds are formed between 
carbon and oxygen and between carbon and nitrogen--but only when the 
carbon is attached to a strongly electronegative atom. 

Although chlorine has approximately the same electronegativity as 
nitrogen, it is only infrequently involved in hydrogen bond formation-- 
apparently as a result of the fact that chlorine has a less intense 
electric field due to its size. However, chlorine and even sulfur are 
sometimes involved in a hydrogen bond--but they must be attached to a 
more strongly electronegative atom such as oxygen or nitrogen. 

Bond energy for the hydrogen bond is about 5 kcal/mole (as compared 
to about 90 kcal for valence bonds). A rather weak bond with respect 
to chemical bonds, but the significance of the hydrogen bond is revealed 
by a comparison of the physical properties of H2O (0 forms H bond) and 
HoS (S does not form H bond). 



1.1.4 
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Molecular 
Weight 


Freezing 

Point 


Boiling 
Point 


Dielectric 
Constant 


H 2 


18 





100 


80 


H 2 S 


34 


-83 


-62 


6 



Hydrogen bond formation leads to molecular associations in both 
solid and liquid states for hydrogen fluoride, water and ammonia. In 
hydrogen fluoride the hydrogen bond is reported to persist even in the 
gaseous state. 

» 

1.1.2 Structure and Properties of Aqueous Solutions 

It is evident from the magnitude of the orientation force and the 
dipole moment for the water molecule, that the hydrogen atoms are bonded 
asymmetrically to the oxygen atom. Instead of being a linear molecule 
the molecule is bent and the two hydrogen atoms form an angle of 105° 
with respect to the oxygen atom. The smaller hydrogen atoms are imbeded 
in the electron cloud of the molecule. Two of the hybrid orbitals (sp3) 
are occupied by the hydrogen atoms and the remaining two orbitals contain 
free electron pairs. Because the center of gravity of negative charge 
is not coincident with the center of gravity of positive charge there 
is charge separation within the electrically neutral water molecule and 
it can be considered to be an electric dipole as shown in Figure 1.1.1. 

In the case of the solid phase, ice, the oxygen atoms lie in layers 
with each layer consisting of a network of open puckered hexagonal 
rings, Figure 1.1.2. Each oxygen atom is tetrahedrally surrounded by 
four other oxygen atoms, in between each pair of oxygen atoms is a 
hydrogen atom which provides for the H-bonding, Figure 1.1.3. At any 
instance, the hydrogen atoms are not situated exactly half-way between 
the two oxygens. The H-bond is on the order of 1.75 A, whereas, if 
we could assign hydrogen atoms to oxygen atoms, the interatomic distance 
would be 1.0 A . The resulting network structure for the solid state 
contains interstitial regions which are larger than the dimensions of 
a water molecule — hence a free non-associated water molecule can enter 
the interstitial regions with little disruption of the structure. 

In the case of liquid water the structure is broken-down somewhat 
and the liquid water can be thought of as an expanded form of the ice 
lattice, preserving short-range order. We can think of a short-range 
structured network of water (establishment) and interstitial water 
molecules (free) which are in dynamic equilibrium with each other. 

The tetrahedral arrangement persists in small regions of the 
liquid state and has four nearest neighbors. The association is, of 
course, due to hydrogen bonds. The small value for the enthalpy of 
fusion of ice (1.44 kcal/mole) compared to the estimate of 10 kcal/mole H 

if all hydrogen bonds were broken suggests that only a small fraction 
(15%) of the hydrogen bonds break on melting. On the other hand, the 
heat of vaporization very nearly approximates the hydrogen bond energy 

1.1.5 
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Figure 1.1.1. Water Molecule. 
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Source: Bockris and Reddy, Modern Electrochemistry , Plenum, 1, p. 74 
(1970). 



Figure 1.1.2. Ice Structure. 
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Cach oxygen atom in ice is tet- 
rahedrally coordinated by four other oxygen 
atoms. The hydrogen atoms are not shown 
in the diagram. 



Source: Bockris and Reddy, Modern Electrochemistry , Plenum, 1_, p. 74 
(1970). 
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Figure 1.1.3. Hydrogen Bonding in Ice. 
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The hydrogen bond between 
two oxygen atoms (the oxygen and hy- 
drogen atoms are indicated by O and •• 
respectively). 



Source: Bockris and Reddy, Modern Electrochemistry , Plenum, 1, p. 75 
(1970). 
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The arrangement of molecules in the ice crystal. 



Source: J. D. Hunt, Metal Ions in Aqueous Solutio n, Benjamin, p. 20, 
(1965). 
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of 10 kcal/mole of water which presumably would have two hydrogen bonds 
per molecule. These considerations suggest that short-range structure 
and well defined molecular interactions persist in the liquid state but 
significant molecular association is absent in the gaseous state. 

The hydrogen bonding and short-range order leads to the situation 
that water is not a uniform dielectric. This is especially true when 
one considers the properties of water at interfaces. 

Interfaces induce pronounced structural change in vicinal water 
which may extend over considerable distances. For example, see reference 
1. 

Ion-Dipole Interactions 

The term, ion, refers to either a monoatomic or polyatomic charged 
species. The origin of the word is from the Greek and has the meaning 
wanderer. Ions orient di poles and these forces are the basis for ex- 
plaining the behavior of aqueous solutions. Water molecules in the 
vicinity of an ion are trapped and oriented in its electric field. 
These water molecules no longer participate in the short-range structure 
of water and in essence, can be considered to be immobilized, relatively 
speaking. They move with the ion and are considered to constitute the 
primary hydration sheath — a sheath of oriented, immobilized water mole- 
cules. 

Further from the ion the forces are inoperative and the normal 
bulk structure of water persists. At intermediate positions, the water 
molecules are caught between the two types of influence as shown in 
Figure 1.1.4. 

Solvation (Hydration) Number 

The number of water molecules coordinated in the primary hydration 
sheath is referred to as the solvation, hydration or coordination number. 
Beyond the distance of 10 A , the water molecules are unaware of the 
ions presence. Experimental results show varied hydration numbers, e.g., 
for the sodium ion, hydration numbers from 1 to 71 have been reported. 
The results appear to be sensitive to the experimental technique, i.e., 
what type of ion-solvent interactions are detected. See Table 1.1.3. 



TABLE 1.1.3. Comparison of Hydration Numbers 
Determined by Various Techniques. 



Ion 


Compress ibil ity 


Mobility 


Entropy 


Theoretical 


Li + 


5-6 


6 


5 


6 


Zn ++ 




10-12.5 


12 




Cd ++ 




10-12.5 


11 




Fe ++ 




10-12.5 


12 




Cu ++ 




10-12.5 


12 
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Figure 1.1.4. Solvated Ion in Bulk Water. 
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Schematic diagram lo indicate that, in ihe (halched) 
region between the primary solvated ion and bulk waler. the in- 
between water molecules must compromise between an orien- 
tation which suits the ion (oxygen-facing ion) and an orien- 
tation which suits the bulk water (hydrogen-lacing ion). 



Source: Bockris and Reddy, p. 78. 
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For this reason, the primary hydration number is defined as the number 
of molecules which surrender their own translation freedom and remain 
with the ion relative to the surrounding solvent, i.e., the number of 
molecules which remain aligned in the ion's force field and move with 
the ion. On the other hand in the strictest sense, the coordination 
number establishes the number of molecules that should be in contact 
with the ion according to the geometrical considerations. Therefore, 
the hydration number and the coordination number are not necessarily 
equivalent. The hydration number is a dynamic quantity and can be 
greater or less than the coordination number. Generally, hydration 
numbers decrease with increasing ionic size. 





Mobility 


Entropy 


CI" 


0.9 


3 


Br" 


.6 


2 


r 


.2 


1 



As should be apparent from this discussion, the ionic size of a 
species in an aqueous solution is not that of the ionic crystal radius 
but rather is the size of the hydrated ion, the ion plus immobilized 
water molecules in the primary hydration sheath. Measurement of this 
effective radius is difficult. Generalizations regarding effective 
ionic radii in aqueous solutions have been made which involve the ad- 
dition of an empirical term to the crystal radius. 

Effective radius = Ionic crystal radius + Empirical term [1.1.3] 

In one correlation, it is suggested that a value of 0.1 A be used for 
anions and 0.85 A be used for cations. In another analysis the empiri- 
cal term, which takes into consideration the contribution of hydrated 
water molecules to the ionic site, is assigned a value of 1.0 A for 
anions and 2.0 A for cations. 

Of course, the composition of aqueous solutions is generally more 
complex than has been indicated. In addition to simple monoatomic 
ions, there are polyatomic complex ions; such_as the oxyanions; ni- 
trate (NO3), sulfate (S0|), and phosphate (P0f). Frequently, multi- 
component complexes form in solution in which specific chemical inter- 
actions occur to form these charged species. Hydrometallurgical examples 
of this type of important interaction include: 

uranyl carbonate complex . U0 2 (C0 3 ) 2 ~ 

gold cyanide complex Au(CN)o~ 

In most instances the formation of the complex can be easily identified 
as the displacement of coordinated water molecules by another ligand 
which frequently is accompanied by a change in coordination number, 
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tetrachloro cobaltous complex Co(Cl) 4 ~ 
tetramine cupric complex CuCNH.,). 

Finally, neutral molecular species also are found in aqueous systems. 
Because these species are not charged, their interaction with water mole- 
cules differs significantly from that of charged species. Examples of 
interest in hydrometallurgy are: H o C02 (carbonic acid or hydrated 

2 3 (aq) 
carbon dioxide) and U0,-(NO,)£ . Other neutral species in aqueous 

2 3 *(aq) 
systems that are of interest are gases such as oxygen (O^), hydrogen (H ? ), 
and ammonia (NH^). 

1.1.3 Stability Relations 

The cornerstone for stability relations is the Law of Mass Action , 
which provides a measure of the extent to which the system is displaced 
from an equilibrium position. This differential is a measure of the 
driving force for a reaction to occur and is determined by the activities 
of reactants and products. The state of the system is expressed by the 
product of the activities* of reaction products, each raised to the power 
of its numerical coefficient as dictated by the stoichiometry of the 
reaction, divided by the product of the activities of the reactants each 
raised to the appropriate power. This parameter is referred to as the 
reaction quotient and for the following reaction, 

bB + cC = dD + eE 

the reaction quotient (Q) is: 

q = -JHf n.i.4] 

V a c 

where aj represents the activity of component I raised to the power, i, 
the numerical coefficient of component I in the balanced reaction. 

For systems at equilibrium, the reaction quotient takes on a value 
unique to the system being investigated—the equilibrium constant (K). 

Any system not at equilibrium will change spontaneously with release 
of energy. Since generally we deal with systems neither of constant 
entropy nor of constant energy, the appropriate energy term to be con- 
sidered is the free energy of the system. The free energy for constant 
total pressure is defined as: 

*Activity (unitiess) can be thought of as a thermodynamic concen- 
tration referenced to a specified standard state, representing the 
effective concentration from a chemical thermodynamic standpoint. 

l.i. n 
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aG=aH-TaS [1.1.5] 

where: aG is the free energy, cal/mole 

AH is the enthalpy, cal/mole 

AT is the temperature, °K 

AS is the entropy, cal/°K mole 

For a chemical reaction the free energy change of the system is 
expressed as the difference in energy of the two states: 

AG =zfree energy products-ifree energy reactants. 

The basis on which the free energy of different states can be compared 
is the Standard Free Energy of Formation (AGf°). The standard free 
energy of formation of a compound is the free energy change which accom- 
panies the formation of one mole of the compound from the stable elements 
under standard conditions. An important convention that you should 
remember is 

"The standard free energy of formation of the stable configuration 
of an element in its standard state is taken as zero." 

This is similar to the convention in which the hydrogen half cell 
is taken as zero potential in developing the electromotive series. 

The standard free energy of a reaction is the sum of the free 
energies of formation of the products in their standard states, minus 
the free energies of formation of the reactants in their standard states: 

aG°=zaG° products - zaG° reactants [1.1.6] 

In general , the free energy of the system at some non-standard state 
condition can be calculated from the following relationship: 

AG r =AG°+RTlnQ [1.1.7] 

Note the free energy expression for the reaction consists of two com- 
ponents: the standard free energy of reaction and the reaction quotient 
term. At equilibrium the system is not changing its composition, there 
is no driving force (AG r =0), and the reaction quotient must be equal to 
the equilibrium constant, hence the standard free energy of reaction is 
related to the equilibrium constant in the following way 



at 25° C 



AG° = -RTlnK [1.1.8] 



AG°=-0. 001987 kcal/deg x 298.23 deg x 2.303 log K [1-1.9] 
AG°=-1.364 log K (AG° in kcal/mole) [1.1.10] 
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Several important consequences arise from these considerations 
which should be recognized by the student: 

(1) The equilibrium state of the system is defined for 

AG =0 
r 

(2) Reaction is spontaneous from left to right when 
AG =negative value (by convention) 

(3) When components of the system are in their standard 
state, AG r =AG r °. 

To test your knowledge of these concepts, consider the following 
question: 

Can AG£ be equal to zero? If that is possible, does it necessarily 
mean that tne system is at equilibrium? 

1.1.4 Reaction Types 

If the reaction system involves the transformation of a pure 
solid from one crystal structure to another at a given temperature and 
a 1 atm total pressure, 

B 1 t B 2 [1.1.11] 

a B 

AG =AG°+RT In —?- [1.1.12] 

r r a D 

B l 

Since the components are pure solids they are in their standard state 
and the activities of each solid are equal to unity and 

AG r = aG° [1.1.13] 

The standard free energies of formation for some of the common compounds 
and species of interest in hydrometallurgy systems can be found from 
Garrels and Christ, Solutions, Minerals and Equilibria , Appendix 2. 

Example CI): Solid Transformations 

Consider silicon dioxide which can exist in the following forms: 
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Quartz 

Cristobal ite 
Tridymite 
Vitreous 



aG° 
;298°K), kcal/mole 

192.4 
192.1 
191.9 
190.9 



For the reaction of quartz to Cristobal ite: 

Si0 2(q) = Si0 2(c) 

AG r =AG r =AG f, cristobalite " AG f, quartz 
AG r =AG°=-192.1-(-192.4)=+0.3kcal 

The reaction free energy change is positive and, therefore, the re- 
action does not occur, i.e., quartz is the stable form of silica at 
298°K. 

Example (2): Reactions of Solids in Nearly Pure Water 

NiO + H 2 = Ni(0H) 2 

Assuming that the water is sufficiently pure to be considered to be 
in its standard state, 

AG r =AG° 

AG r =AG f, Ni(0H) 2 AG f , H 2 0" AG f, NiO 

= -108.3 ■-. (-56.7) - (-51.3) 

= -0.3 kcal 

The free energy is negative, therefore, the nickel oxide should hy- 
drate in water forming nickel hydroxide. 



[1 
[1 
[1 



1.14] 
1.15] 
1.16] 



[1.1.17] 



[1 

[1 
[1 
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1.19] 
1.20] 



Example (3): Reactions Involving a Gas Phase. At nominal pressures 
the activity of a gas is very well approximated by its partial pressure. 



Consider the oxidation of pure stannous oxide to pure stannic oxide 

[1. 

[1. 



2SnO + 2 t 2Sn0 2 



AG r =2AG f,SnQ 2 " ( 2AG f,Sn0 +AG f,0 2 > 
=2(-134.2)-[2(-61.5)+0] 
=-123.4 kcal 



[1 
[1 



1.21] 

1.22] 

1.23] 
1.24] 
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However, unlike the previous examples, whether or not the reaction 
occurs spontaneously is dependent on the P n since oxygen was not 

U 2 
specified as being "pure", that is in its standard state. 

1 



AG r = -123.4 + RTln ( 



0, 



[1.1.25] 



The oxygen pressure required for equilibrium between SnO and Sn0 ? at 
25° C is found by setting AG r =0. Then, z 



123.4 = 1.364 log p 



i 



[1.1.26] 



log 



= 90.47 



Pp. B 10 atm. 
u 2 



[1.1.27] 



low oxygen pressure indicates the SnO is rather unstable. Only for 
n pressures less than lO"*™, would SnO be produced. Compare the 



This 

oxygen 

tin system with the lead system, 



2Pb0 yenow + °2 = 2Pb0 2 £1.1-28] 

A similar calculation shows that the oxygen pressure necessary for 
equilibrium between the two solid lead oxide phases is 1 0^ - 7 atm. 

Example (4): Reactions Involving Dissolved Species 

Again the condition of spontaneity is determined by the activities 
of the dissolved species. 

Consider as an example 

A1 2°3(c) + H 2°U) = 2A10 2~ + 2H+ [1.1.29] 

AG r =AG r + RTln ( a2 (Aio")^ a2 (H + )^ (assuming pure A1 2 3 ^ C ^ [1.1.30] 

and pure H~0/ %) 

AG;=(2AG H ; + 2AG° A10 .) - {^l^ + AG° 20 ) [1.1.31] 

= +2(-200.7) - [-376.66 +(-56.7)] [1.1.32] 

= -401.4 + 463.5 

= +62.1 kcal [1.1.33] 
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At equilibrium, 

AG° = -RTln K [1.1.34] 



and 



109 K = f^-= -45.5 [1.1.35] 



under equilibrium conditions 

log(a^ 10 - )(afj+) = -45.5 [1.1.36] 

2 log a A1Q - = -45.5 - 21og (H + ) 

109 a A10~ = -22.75 + pH [1.1.37] 

This illustrates a useful relationship, i.e., the activity (concen- 
tration) of dissolved species may be represented in equation form as 
a function of pH. 
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LEARNING ACTIVITY 2 



1 .2 Activity - Concentration Relationships 

Learning Activity Objective 

After completing your study of the material in this learning 
activity you should be able to define standard state, activity, mean 
ionic activities and activity coefficients, and individual ionic 
activities and activity coefficients. You should be able to calculate 
mean ionic activities and be able to estimate individual ionic activity 
coefficients. 

1.2.1 Definition of Standard State and Electrolyte Activity 

Activity in the thermodynamic sense is a term used to indicate how 
reactive a substance is, indeed the chemical potential of a substance 
is defined in terms of its activity. Since we cannot measure absolute 
energies or potentials we must always evaluate or compare the material 
in a given state to some other state. In this regard, we use the term 
" standard state " to designate the reference state at which we are making 
the comparison, that is, how active is species i (what is the activity 
of species i) compared to the same material in its standard state. 

The chosen standard state is quite arbitrary, but by convention, 
the following general guidelines are used extensively in the science 
and engineering community. 







Material's State 

solid 

gas 

liquid (as solvent) 

dissolved component 
(solute) 



Standard State 

pure solid 

pure gas at a fugacity of one atmosphere 

pure liquid 

a number of standard states are used 

depending on the system. 

1) pure material as reference 

an arbitrary level of solution such 
as 1 wt. % 

a hypothetical standard state of 1 
molar determined by the behavior of 
the solution at infinite dilution 
(used extensively for aqueous systems) 



3) 



Physically, what is the difference between activity and concentration? 
We measure concentration in a variety of ways: mole fraction, pressure, 
weight percent, moles/liter, etc. The law of mass action can be used 
with just concentration terms; but the tendency for components to react 
with one another depends on more than just their mass density . This 
tendency is what distinguishes activity from concentration. 



1.2.1 






Hydrometallurgy 



Solutions 



Our consideration in this module will be limited to activity- 
concentration relationships for solutes in the aqueous phase. Relation- 
ships for other systems are given elsewhere, reference 2. The behavior 
of ionic species in the aqueous phase are determined in part by their 
interaction with water molecules (discussed in the last learning activity) 
and in part by ion-ion interactions. 

The extent to which these interactions affect the physical and 
chemical properties of the electrolytic solution is dependent on the 
ionic density of the solution and the mean distance of charge separation. 
The interionic fields are distant dependent. 

A description of an assemblage of ions in terms of the energetics 
(free energy), or the chemical potential change, can be attempted by 
evaluation of the spatial distribution of charges with regard to a 
reference point. If the distribution can be determined, the potential 
at that point can be determined from the fact that the potential at a 
point due to an assemblage of charges is the sum of the potentials due 
to each of the charges in the assembly . Debye and Huckel in 1923 describe 
the distribution of charges around an ion, leading today to what is 
referred to as the Debye Huckel theory. 



The Debye-Huckel approach is 
alone in a continuum. Water, the 
guise of a dielectric constant and 
are expressed in terms of the exce 
electrostatic forces try to order 
dielectric constant of the solvent 
ionic motion which tend to drive p 
is electrically neutral and a time 
ionic charge is calculated. 



to consider a central ion standing 
solvent, enters the analysis in the 

the remaining ions of the assembly 
ss charge density, i.e.. p^O. The 
the charges operating through the 

whereas the thermal forces cause 
=0. The overall solution, of course, 

averaged spatial distribution of 



As should be evident from this discussion, the potential field 
which influences the behavior of an ion and its activity is determined 
by the number of charges with which the reference ion can interact. A 
useful term which characterizes solutions in this respect is the ionic 
strength of the solution, I, first defined by Lewis and Randall; 



I = >5 Wi 



[1.2.1] 



where 

I = ionic strength 

m. = molality of species i 

z- = valence of species i 

The ionic strength term provides a convenient measure of the number 
of charge carriers and provides a basis for the comparison of electro- 
static interaction. In the absence of complexation reactions, activity 
coefficients for a given strong electrolyte are the same in all solutions 
of the same ionic strength. 
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The normal standard state of salts in aqueous solution is the 
hypothetical one molar solution; hypothetical in the sense that the 
standard state is established by the behavior of the system at infinite 
dilution. This approach to defining standard state is known as Henry's 
Law - in this case applied to aqueous solutions. When a salt dissociates 
into 2 moles of ions, the relationship between activity and molality is 
a square function: 



more generally 



and 



CA = C + A 
a CA = ^CA 2 



C A v,C+v A 

V, v + - 



V = V, + 



a CA = km 



V 

CA 



1.2.2] 
1.2.3] 

1.2.4] 
1.2.5] 

1.2.6] 



or 



'C A 



= km 



v + v - 



C A 
v + v - 



The standard state concept is depicted in Figure 1.2.1. At infinite 
dilution a = km v and a linear relationship is established, whereas for 
more concentrated solutions the behavior deviates considerably from 
linearity. A projection of the linear relationship to a concentration 
of one molal fixes the activity scale and identifies the hypothetical 
1 molar standard state. 

1.2.2 Mean Ionic Activity - Individual Ionic Activity 

Although individual ionic activities cannot be measured in an 
absolute sense, by analogy with the behavior of the salt, the activity 
of the constituent ions are defined as being equal to their respective 
molalities at infinite dilution. 



a + = m + 



a = m 



as m •> 



From this definition it follows for a symmetrical electrolyte that; 
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a = a + a_ [1.2.7] 

and in the most general case, 

v v 
a = a + a_ [1.2.8] 

which is taken to hold at all concentrations. 

The mean ionic activity of a symmetrical electrolyte a + is defined 
as — 

a + - i*+*J* ' a h [1.2.9] 

On the basis of these identities, individual ionic activity coefficients 
are defined; 

a + 
y + m + [1.2.10] 



y. -sf n.2.n] 

and in line with previous statements, y and y_ approach unity at infinite 
dilution. Similarly then, the mean ionic activity coefficient is defined 



Y + = (y+yJ* 5 [1.2.12] 



For unsymmetrical electrolytes, the following more general ex- 
pressions can be written for the mean ionic activity, 

1 



a ± = [(a + V+ )(a_ V -)] V [1.2.13] 

Also, in a more general sense the mean ionic activity coefficient 
should be, 

1 

Y ± = Cy + v +y_ v -] v [1-2.14] 

Experimentally determined mean activity coefficients for strong 
electrolytes taken from Oxidation Potentials by Latimer are tabulated 
in Appendix A. Frequently experimental values are not available at 
the desired ionic strength. In such cases, the correlations developed 
by Meissner and his students may be of considerable value (Meissner 
and Kusik, 1972). The correlations are based on a reduced activity 
coefficient r° and the ionic strength of the system. The reduced 
activity coefficient is defined in the following manner: 
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Figure 1.2.1. Standard State for Solutes. 
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r° = ( Y± ) 1/Z l z 2 

The correlations at 25° for strong electrolytes are shown by the family 
of curves presented in Figure 1.2.2. Each curve represents the behavior 
of a given electrolyte, so that when one value of r° for a strong 
electrolyte is known at a given concentration, the entire curve for this 
salt can be estimated from Figure 1.2.2. 

For example, if we want to determine the mean activity coefficient 
of KOH at a concentration of 9 molal, first the activity coefficient at 
some other molality must be found. From the literature, it is found 
that when I = 2, y± = 0.863 which corresponds to logr° = 0.064. If this 
point is located on the correlation plot, the appropriate curve can be 
used to determine logr° at I = 9. Following this procedure, logr° is 
found to be 0.66 which corresponds to a mean activity coefficient of y = 
4.57. Location of the proper curve requires knowledge of at least one - 
value of logr° at a given ionic strength. 

In addition to this correlation, relationships have been established 
which allow calculation of the reduced activity coefficient for a given 
salt at temperatures other than 25°C and for mixed electrolyte systems. 

1.2.3 Determination of Individual Ionic Activity Coefficients 

Individual ionic activity coefficients can be determined by a number 
of techniques: 

- experimental data (mean salt method) 

- theoretical relationships (Debye-Huckle equation) 

- empirical extension of theoretical relationships 

Each technique has its own limitations which must be considered for a 
particular application. 

Experimental Data 

Experimental activity coefficient data is usually tabulated (Appendix 
A) or presented graphically with the mean activity coefficient as a function 
of ionic strength (Figure 1.2.3). Using this data to calculate individual 
ionic activity coefficients is accomplished by the mean salt method. The 
mean salt method is based on the Maclnnes assumption that 



r ±KCl 



= (Y K *Y cl -) % = Y K + = Y C1 - [1-2.15] 



From this relationship individual ionic activity coefficients can be 
calculated from experimental mean activity coefficient data at a specified 
ionic strength . 

For example, the activity coefficient for cupric ion in 0.05 M copper 
sulfate solution assuming complete disassociation would be calculated in 
the following way: 
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Figure 1.2.2. 



Generalized Plot of the Reduced Activity Coefficient r 
Versus Ionic Strength I Over the Ionic Strength Range 
of 1.0 to 20. 
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Source: Meissner and Tester, "Activity Coefficients of Strong Electrolytes 
in Aqueous Solutions," I&EC Process Design & Dev., II, p. 128 
(1972). 
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Figure 1.2.3. Mean Activity Coefficient as a Function of Ionic Strength. 
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Source: R. M. Garrels and C. L. Christ, Solutions, Minerals, and 
Equilibria, Harper and Row, New York, p. 59. 
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I = Jan^ 2 = 0.2 M [1.2.16] 

The mean ionic activity coefficients for this ionic strength are: 

Y+ @ I = 0.2 M 



KC1 


.72 


CuS0 4 


.21 


K 2 S0 4 


.49 



Y ±KC1 ' V = *C1 ■ 0.72 [1.2.17] 

^±K 2 S0 4 = ^Yc,) 173 Cl.2.18] 

Solving for the activity coefficient of sulfate ion and substitution of 
the activity coefficient values for potassium sulfate and potassium ion, 



Yc Q =- jL T-= [ ' o = 0-23 [1.2.19] 

S0 4 Y|< 2 (0.72) 2 



^CuSO, = (WS0 4 ) 1/2 £1.2.20] 

Solving for the activity coefficient of cupric ion and substitution of 
the activity coefficient values for copper sulfate and sulfate ion, 

2 
YC " S °4 s (0. 2 l) 2 (0.72) Z s0J9 DAa] 



Y 



Y S0. (0.49) 3 



Of course this technique is limited to systems for which mean ionic 
activity coefficients have been measured at the ionic strength of 
interest. A situation which is not always the case. 
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Debye-Huckel Theory 

(From R. M. Garrels and C. L. Christ, Solutions Minerals and 
Equilibria, pp. 61-62). 

"Even in very dilute solutions of electrolytes the charged ions 
contained in these solutions exert long-range electrostatic forces upon 
one another with the result that the values of the activity coefficient 
are lowered. This effect has been evaluated in the Debye-Huckel theory 
and several ^/ery useful equations have been derived on the basis of that 
theory, which are of great value in handling experimental data. 

In dilute solutions, the individual ion activity coefficient is 
given by the Debye-Huckel expression 




[1.2.23] 



Here, z-\ and I have the meanings previously ascribed in the definition 
of ionic strength, and A and B are constants characteristic of the solvent 
(here considered to be water), at the specified temperature (at 1 atmos- 
phere) are given in Table 1.2.1. The quantity af has a value dependent 
upon the "effective diameter" of the ion in solution, and is determined 
largely from experiment; values of a? are listed in Table 1.2.2. The 
physical significance of a?, which is commonly related to the diameter 
of the ion in solution, merits a brief digression. 

TABLE 1.2.1. Values of Constants for Use in Debye-Huckel 
Equation (Aqueous Solution) 



Temperature, °C 


A 


B (x 10" 8 ) 





0.4883 


0.3241 


5 


0.4921 


0.3249 


10 


0.4960 


0.3258 


15 


0.5000 


0.3262 


20 


0.5042 


0.3273 


25 


0.5085 


0.3281 


30 


0.5130 


0.3290 


35 


0.5175 


0.3297 


40 


0.5221 


0.3305 


45 


0.5271 


0.3314 


50 


0.5319 


0.3321 


55 


0.5371 


0.3329 


60 


0.5425 


0.3338 
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TABLE 1.2.2. Values of a? for Some Individual Ions 



in Aqueous Solutions. 



a° x 10 8 Ion 



2.5 Rb + , Cs + , NH*. Tl + , Ag + 

3.0 K + , CI", Br", i", NOJ 

3.5 OH", F", HS", BrO^, 10^, MnO" 

4.0-4.5 Na + , HCO^. H^, HSO3, Hg* + , S0~", SeO" CrO^~, 

HP0 4 ", P0|" 

4.5 Pb**, CO3", S0~~, MoO^" 

5.0 Si* 4 *, Ba ++ , Ra ++ , Cd ++ , Hg ++ , S"", W0~" 

6 Li , Ca , Cu , An , Sn , Nm ++ , Fe + , NI ++ , Co H 

8 Mg ++ , Be"" 

9 H , Al , Cr , trivalent rare earths 
11 Th 4+ , Zr 4+ , Ce 4+ , Sn 4+ 



Values of a? are ordinarily larger than values of ionic diameters given 
for ions in 1 crystals. This difference presumably stems from the envelope 
of water molecules that surround the ions in aqueous solution. Some 
attempts have been made to interpret a? values structurally, but a clear- 
cut picture of the coordination of water molecules around the charged 
ions has not yet emerged. Detailed discussion of the hydration problem 
is given by Robinson and Stokes" (end quote from Garrels and Christ). 

Generally the use of the extended Debye-Huckel equation has been 
limited to solutions with ionic strengths less than 0.01 M. The good 
agreement between theory and experimental data for I<0.01 is shown in 
Figure 1.2.4. However, consideration of complexation reactions and 
ion pair formation may allow the Debye-Huckel equation to be extended 
to higher ionic strengths. 
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With regard to the effectiveness of the Debye-Huckel equation, 
consider the previous example, 0.05 M CUSO4 solution (I ■ 0.2). The 
activity coefficient can be calculated according to equation 1.2.22; 



-log y Cu++ = 



*Cu ++ = - 328 



■ 509(2) 2 /? 



1 + .328(6)/!? 

[1.2.24] 



As is evident, there is considerable differences between the cupric ion 
activity coefficient calculated from experimental data by the mean salt 
method, yCu* 4 = 0.19, and that calculated from theory according to the 
extended Debye-Huckel equation. 

Empirical Extensions 

Finally, the usefulness of the Debye-Huckel equation has been 
extended by empirical modifications such as the Guntelberg equation, 
the Guggenheim equation, and the Davies equation. One of the more common 
modifications is that by Davies; 

-log y. s A z 2 ( £E 0.21) [1.2.25] 

1 1 + rr 

An alignment chart based on the Davies equation is presented in Figure 
1.2.5 for graphical estimation of activity coefficients. Note in the 
case of our 0.05 M copper sulfate example that the value for the activity 
coefficient of cupric ion is found to be: 

Y Cu++ =0.28 

Although this may be a better estimate of the activity coefficient of 
the cupric ion, it still deviates significantly from that determined 
from experimental data by the mean salt method. 

A comparison of the cupric ion activity coefficients calculated 
by the various techniques is presented in Table 1.2.3 for several ionic 
strengths. These deviations arise because the formation of complex ions 
has been neglected. Consideration of complex formation shows that the 
values are much closer and indicates that the Debye-Huckel theory can 
be used at high apparent ionic strengths. 

The comparison presented in Table 1.2.3 is based on the assumption 
that copper sulfate is completely dissociated, i.e., no interactions 
occur (no formation of complex ions). A discussion of the nature of com- 
plex ions and complexation reactions is presented in the next section. 
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Figure 1.2.4. Individual Ionic Activity Coefficients.* 
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*Single ion activity coefficients vs. ionic strength for some common 
ions. Solid lines represent the values calculated by the mean salt 
method. Debye-Huckel values were calculated using equation 1.2.22, with 
108/a? = 9 for H + ; 4 for Na + ; 3 for K + , CI", N03; 5 for Ca ++ ; and 4 for 
SO4-. The Debye-Huckel Y i values for the monovalent ions converge, within 
experimental error, for I < 0.01. 



Source: R. M. Garrels and C. L. Christ, Solutions, Minerals, and 
Equilibria, Harper and Row, New York, p. 63. 
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Figure 1.2.5. Alignment Chart for Calculating Activity Coefficients, 
Based on the Davies Equation. 
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Source: Butler, Ionic Equilibrium A Mathematical Approach , Addison- 
Wesley (1964). 
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TABLE 1.2.3. Comparison of Activity Coefficients for Cupric 
Ion in Various Copper Sulfate Solutions Deter- 
mined by Different Computational Techniques. 



Copper Sulfate Molality 
Computational Method 0.0005 0.005 0.05 

Mean Salt (experimental data) 0.77 0.50 0.19 

Extended Debye-Huckel 

equation 1.2.22 (theory) 0.83 0.59 0.33 

Davies equation 1.2.25 

(semi -theoretical) 0.82 0.57 0.29 

Apparent Ionic Strength 

(assuming no complex formation) .002 .02 .2 

The significance of this phenomenon with respect to the estimation of 
activity coefficients is that the composition of the aqueous phase may 
not be as simple as assumed. For example, in the case of copper sulfate 
system, the cupric ion and sulfate ion associate to form a neutral ion 
pair species, CuSOS. As a result, the concentration of both cation and 
anion is reduced and the effective ionic strength decreases. 

Because these interactions can be significant they must be taken 
into consideration. The definition of the mean ionic activity coefficient 
for an electrolyte presented in equation 1.2.14 is more accurately 
represented by; 



m , , m , , 
T t -I^» t )"*§-T.)n ,/ » [1-2.26] 



where 



m T , m T are the total molalities of cation and anion in all forms, 



and, m + , m are the actual molalities of the cation and anion. This 
formulation takes into consideration the complexation reactions that may 
occur and accounts for the discrepancies between theory and experiment 
presented in Table 1.2.4. Reconsideration of the copper sulfate system 
in light of the following complexation reaction; 

CuSO" = Cu ++ + SO. K = 10" 2 - 23 [1.2.27] 
4 aq 4 J 



1.2.15 



Hydrometallurgy 



Solutions 



results in the following cupric ion activity coefficients presented 
in Table 1.2.4. The equations necessary to make this calculation are 
discussed in the next section (1.3.3 Distribution of Species) on page 1.3.3. 
For this simple system involving a symmetrical electrolyte and the neutral 
ion pair, CuSO?, note that equation 1.2.27 reduces to 



y* " 



_ m 



since m + = 



m 



m. 



and My = w- 

+ 



± n^ 

■r 



(y + y.) 



1/2 



[1.2.28] 



Under these circumstances, it is observed that much closer agreement 

between theory and experiment is realized and it appears that the Debye- 

Huckel equation may be used with some confidence at higher concentrations 

by consideration of complexation reactions. 



TABLE 1.2.4. 



Comparison of Activity Coefficients for Cupric 
Ion in Various Copper Sulfate Solutions Taking 
into Consideration Complexation Reactions. 



Computational Method 



Copper Sulfate Molality 
0.0005 0.005 0.05 



Mean Salt (experimental data) 0.84 0.70 0.33 

Extended Debye-Huckel 

equation 1.2.22 (theory) 0.83 0.62 0.38 

Davies equation 1.2.25 

(semi-theoretical) 0.83 0.60 0.33 

Ionic Strength 

Considering Complexation 

Reaction 0.00190 0.0161 0.128 



1-2.4 Activity Coefficients of Neutral Molecular Species 

The activity coefficient-ionic strength relationship for neutral 
molecular aqueous species; such as dissolved gases, ion pairs, and we 
acids or bases, generally is of the following form for ionic strength 
of less than 5 molal : (Butler, p. 439) 



weak 
s 



log Yq = kl 
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The activity coefficients of these species are generally equal to, or 
greater than, unity (HCN a g is an exception). The constant k is referred 
to as the salting coefficient due to the fact that an increase in the 
concentration of dissolved ionic species (increased ionic strength) 
results in a decrease in solubility of the neutral molecular species, 
the salting-out-effect. As a first approximation, which should be valid 
for ionic strengths of less than 0.1 molar, the activity coefficient for 
neutral molecular species can be taken as being equal to unity. 
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ACTIVITY 


COEFFICIENTS OK STRONO 


ELECTROLYTES 






m 


.001 


.002 




01 


02 


.05 


I 


2 


5 


1 


2 O 


3 


1 




HC1 


.906 


853 


.904 


875 


.830 


796 


.767 


.758 




1 Ol 


1 32 


1 76 




HBr 








906 




.83S 


808 


.782 


.790 




1.17 








IIN'O, 


.965 


.951 


-.'7 


902 


871 


.823 


.785 


.748 


715 


ii 730 


D 783 


87" 






IKK), 




















S| 


1 Ol 


1 12 


2 02 




111", 




.91 




36 


Ml 






-10 




l'l 


10 




., 060 




II .SO. 


.830 


.757 


180 


E 1 1 


453 


.310 


.2(15 


.209 


154 


o 130 


121 


0.1-11 


0.171 




NiiOII 












.82 




,73 


.C'.i 


o 08 


0.70 


0.77 


0.89 




KOH 






,92 


90 


SI', 


.82 


SO 




.73 


70 


0,89 


1,08 


1 .35 




1 sOH 








.92 


.88 


.83 


80 


.76 


71 


ii 78 










■ 'HI, 


. . . 


.S53 


.773 


.712 


637 




•113 


370 














NO, 


. . . 


. . . 


EH 


.90 


M 


.79 


.73 


.64 


.51 


O 40 












. . . 






. . . 


. 




.20 


U 


.14 


19 


;:• 


10 


1.2 




n«ci, 


88 




.77 


72 


... 


.56 


.40 


.44 


39 




O 44 
(l. 8m) 


... 


... 




Bft(NO.), 


88 


.84 


.77 


.71 


63 


52 


.43 


34 














lte<IOt)i 


.83 


7'.i 


.71 


..,; 


55 




. . . 


. . . 














Cndi 




86 


Ts.-, 


.725 


66 


57 


515 


.48 




71 










NO,), 


.88 


.84 


.77 


71 




.54 


.48 


-12 


38 


o 38 


ii :(.", 


37 


0.42 




(MCI, 


78 


.68 


.57 


.47 




.28 


21 


.15 


.09 


o oi, 










Cdl, 


.70 


.05 


,40 


.38 


.28 


.17 


.11 


,068 


038 


0.025 


0.018 








('.ISO, 


.73 


.04 


.50 


.40 


.31 


.21 


.17 


.11 


.007 


015 


0.035 


0.036 






(•si- 


.'.IS 


.97 


,06 


.M5 


.',il 


.91 


.80 


.87 


.85 


0.87 










eve! 






.92 


90 


.86 


7'.' 


75 


.69 


.60 


o 54 


i. 4fl 


o 48 


47 




Csllr 






.03 


.90 


80 


7'.- 


7.-, 




.60 


0.53 


n ;s 


ii 46 


46 




C*l 








- - - 




. 


.75 


.80 


BO 


o 58 


0.47 


43 






no, 














.73 


.65 


.52 


42 










. 














70 


77 


.76 


80 


95 


1.15 






.<'!, 


80 


.85 


.78 


.72 


.66 


58 


.V2 


.47 


42 


43 


0.51 


59 






-'>. 


74 


. . 


53 


.41 


.31 


.21 


.16 


.11 


.068 


047 










fro) 


.89 


.86 


.80 


75 


70 




.58 


55 


88 


67 










>0,), 




. . . 




.142 




.054 


036 


.022 














KF 




96 




.93 


.03 


SH 


.86 


.81 


.74 


O 71 


0.70 








KC1 




.952 


927 


.901 




.sir, 


,768 


.719 


651 


16 


o 576 


571 


0.579 




K Id- 


,966 


.952 


.',127 


.903 


.873 


. 822 


,777 


.728 


BBS 


ii 626 


'2 


0.003 


0.G22 




IC I 


,066 


.951 


.927 


.905 


.88 


,84 


.SO 


,7(i 


.71 


n 68 


,','.. 


72 


75 




K,K. ; 'C.\>, 


. . . 










19 


.14 


11 


.(I(i7 












KCIO, 




.9:,:, 


039 


.'KI7 




.813 


.755 
















K.O. 




.80 


.si 


.71 




.58 


.50 


.43 


30 


33 


0.33 


0.39 


0.49 




KCIO, 




.951 


.024 


V.C, 


857 


.788 
















KV 


N 




.78 


.71 


.64 


52 


13 


.36 












ua, 


. . . 




. . . 






38 




38 


.27 


36 
















. . . 


.57 


.49 


39 


.33 


.27 














LiCl 


.963 


.948 


.921 


89 


86 


.82 


.78 


.75 


.73 


76 


o 91 


1.18 


1.46 




Lillr 

l.il 


.906 




. 03S 


.909 


BBS 


I 12 


.810 
.81 


.784 
.80 


.81 


o 848 


1 (Hi 

I IV 


1 35 
1.70 






UNO, 








004 


878 


834 


798 


768 


.713 


76 


(i 84 


o :i7 






l.iCIO, 


0(17 


955 


.033 


.911 


.88-1 


.8-12 


Mil 


.782 


.77 


81 










l.iCIO, 


.907 


950 


. 038 


.915 


.890 


863 


.825 


.805 


,82 


(i 01 










MuCl, 














.50 


.53 


53 


o 62 


1 05 


2 1 






Mg(NOt)i 


.88 


.84 


77 


,71 


64 


56 


.51 


H 


-II 


50 


o 69 


0.93 






M*tfO< 








.-li) 


.32 


.22 


.18 


.13 


.088 


Q 064 


ii.",.", 


1 






MliSO, 






... 


... 






.25 


.17 


11 


O 073 


068 


■i 069 


079 





Source: W. M. Latiman, Oxidation Potentials, 2nd ed., Prentice Hall 
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Appendix A (continued) 









ACTIVITY 


COEFFICIENTS OF STRONG 


ELECTROLYTES 










m 


.001 


.002 


.005 


.01 


.05 


.05 


.1 


.2 


.5 


10 


2.0 


3 


4.0 




two, 














.18 


.13 


.075 


081 


0.041 








NII.CI 


.961 




.911 


.88 


.84 


.79 


.74 


.89 


'.'J 


57 








. . 






NII.Br 


964 


.949 


901 


.87 


.83 


.78 


.73 


.68 


.62 


0.57 














Nil.I 


.902 


.946 


.917 


.89 


.86 


SO 


.76 


.71 


.85 


0.60 














NII.N", 


.959 


.949 


'112 


.88 


.84 


.78 


73 


66 


.56 


47 














tNII^SO, 


874 


.821 


72'. 


.07 


.59 


4s 


.40 


.32 


.22 


16 


... 












NsF 






93 


.90 


*7 


.81 


.75 


.09 


.62 
















NaCl 


.966 






.904 


.87 


5 .823 


780 


.730 


.68 


66 


0.67 


0.71 


0.78 




N*Br 




i 




914 


.88 


7 .844 


.800 


.740 


.095 


686 


0.734 


0.826 


0.934 




N.i I 


.97 


.96 


.94 


91 


.89 


.86 


.83 


.81 


.78 


0.80 


0.95 








NaNOi 




.953 


.93 


90 


^7 


.82 


.77 


.70 


.02 


0.55 


0.48 


0.44 


0.41 




SO, 


. 


.847 


.778 


.714 


.04 


1 .53 


.45 


.36 


.27 


20 










NaCIO, 


,97 


.96 


.93 


.90 


87 


.82 


.77 


.72 


.04 


0.58 


. . . 




. . . 




PbCl: 


.86 


.SO 


.70 


.61 


.50 




. . - 












. . . 




Pb(N 


.88 


.84 


70 


.69 


.60 


.46 


37 


.27 


.17 


0.11 










RbCl 






.93 


.90 






.76 


.71 


03 


0.58 


0.54 


0.54 


54 




RbBr 




. . . 










.76 


.70 


.63 


0.58 


53 


0.52 


51 




Rbl 














.76 


.70 


.63 


57 


53 


0.52 


51 




lU)NO, 














.73 


.65 


.53 


0.43 


0.32 


0.25 


0.21 




KbAe 








. . . 




... 


.73 


.65 


.52 


0.42 










TlCl 


.96 


.95 


.93 


.90 


















. . . 




TINOi 












.77 


70 


.60 














TICK), 












.79 


.73 


.65 


.53 




... 




. . . 




TiAc 












.80 


74 


.68 


59 


0.51 


0.44 


0.40 


38 




ZnOi 


.88 


84 


.77 


.71 


.64 


.50 


.50 


.45 


.38 


33 










/.nSO, 


70 


til . 


.48 


80 






.15 


.11 


.065 


0.045 


0.036 


0.04 
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LEARNING ACTIVITY 3 

1 .3 Complex Equilibria 

Learning Activity Objective 

After completing your study of this learning material you should 
be able to list the basic features of complex ions, be able to set-up 
and solve a set of simultaneous equations to determine the distribution 
of aqueous species, and be able to use the computer programs for these 
tedious calculations. 

1.3.1 Complex Ions 

Ionic interactions may result in the formation of complex ions, a 
phenomenon which is of primary importance in hydrometallurgical reactions. 
The stability of various complex ions such as U02(S04)2 = , Au(CN)2" and 
Cu(NH?)| + constitute the basis of many hydrometallurgical processes. 

Perhaps the simplest complex ion is that which forms simply by 
association phenomena. Ions of opposite charge associate into a distinct 
entity which can be identified by experimental techniques. The bonding 
is weak and each component generally retains its primary waters of hy- 
dration. The best illustration of this type of complex ion is given by 
the complexes which form between simple divalence cations and the sul- 
fate radical. The stabilities of these complexes are independent of 
the particular cation involved and all have about the same disassociation 
constant, 

MS0 4 ° = M ++ + S0 4 = K = 10" 2 - 3 [1.3.1] 

A similar situation exists for monovalent cations for which 

MS0 4 " = M + + S0 4 = K = 10" - 8 [1.3.2] 

The implication is that the complex (an ion pair) is an association 
between the hydrated cation and the sulfate anion since the hydrated 
radii of the cations would be similar perhaps resulting in similar 
bond strengths in the ion pair and as a consequence the same dis- 
sociation constant. In other cases the formation of ion pairs appears 
to involve more specific chemical interaction and the bond strength of 
the ion pair (unlike the sulfate ion pairs) reflects the electronega- 
tivity of the participating ions such as hydroxy complexes (M0H + ) and 
carbonate ion pairs (MC03° a q). 

More specific interactions generally are of greater interest to 
the hydrometallurgists. Complex formation in this case usually involves 
displacement of coordinated water molecules by other ligands, the com- 
plexing agents. This displacement is frequently accompanied by a change 
in coordination number. 
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Ligands can be any negative ion or neutral molecule which are 
directly attached to a positively charged metal ion. The most common 
types of ligands are monatomic or polyatomic negative ions and neutral 
polar molecules. The neutral molecules have one or more pair of unshared 
electrons, for example NH3 and H 2 0. The charged or polar ligands are 
oriented so that the excess charge or unshared pair of electrons points 
directly at the metal ion. 

In the case of transition-metal ions the d orbitals are either only 
partially filled or completely empty. In the absence of a negative field, 
the d-electrons of the metal ion have orbitals of equal energy, i.e., 
degenerate orbitals. In presence of the ligand's field, the energies 
of these orbitals are split into different levels. As a result, the 
ligands will complex with the ion with specific ligand orientation - 
such as tetrahedral complexes, octahedral complexes, etc. 

Metal-ligand interaction has been described by the Crystal Field 
Theory as a pure electrostatic force where no orbital overlapping occurs. 
Alternately, the interaction has been described by the Molecular Orbital 
Theory as a covalent bond in which ligand and d orbitals are completely 
overlapping. Note, however, the ligands are not point charges as described 
by the Crystal Field theory, and they are not pure covalent bonds as 
described by the Molecular Orbital theory. Later, one Ligand Field 
theory was adopted which is based on the Crystal Field theory but allows 
for some electron cloud overlap effects by inserting certain parameters 
for empirical adjustment of the data. 

1.3.2 Stability Constants 

Whatever the bonding may be in these complex ions, from the engineer's 
standpoint, the concentration of these species must be calculated in or- 
der to determine kinetic parameters and equilibrium states for a particular 
system. The stabilities of various complex ions are generally represented 
either by stepwise formation constants ( K) or overall formation constants 
(B). 

The stepwise formation constants are equilibrium constants which 
describe the sequential addition of ligands to a particular cation. Con- 
sider the hypothetical example of a divalent cation (M ++ ) and the univalent 
anion (X"). The following reactions may occur: 

M** + X~ = MX + K 1 [1.3.3] 

MX + + X" = MX 2 ° K 2 [1.3.4] 

MX° „ + X" = MX," K, [1.3.5] 

2 aq 3 3 L J 

MX 3 " + X" = MX 4 = K 4 [1.3.6] 

K-, , Kp, K 3 and K« represent the stepwise formation constants for the 
first, second, and third and fourth ligand additions, respectively. 
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Overall fonnation constants (&) differ in that the complexation 
reaction is written in terms of the uncomplexed cation and the appro- 
priate number of ligands. Using the same notations as previously 
used; 

$1 [1.3.7] 

3 2 [1.3.8] 

3 3 [1.3.9] 
S 4 [1.3.10] 

It should be noted that the stepwise formation constants and the over- 
all formation constants are related by, 

n 
B n = It K. [1.3.11] 

n i=l 1 

Both forms of the stability constants will be found reported in the 
literature. Probably the most exhaustive reference for the stability 
constants of complex ions is, "Stability Constants. Part III: Inorganic 
Ligands" by Bjerrium, Schwarzenbach and Sillen, London, The Chemical 
Society (1958). Care must be taken in using these values to establish 
whether the reported value is a true thermodynamic equilibrium constant 
(corrected for 1=0) or if the constant reported is simply based on the 
concentration of reactants and products at equilibrium, the ion product 
for (I>0). 

1.3.3 Distributi o n of Species 

To determine the concentration of each species present in a particular 
system, a number of defining equations are used. The equilibrium state of 
the system may be defined in terms of the following equation types: 

mass balance equations 

based on the conservation of the mass of a particular component 

charge balance equations 

based on the electroneutral ity that must be maintained in the 
solution 

mass action expressions 

based on the chemical interaction between various species and 
defined in terms of the appropriate equilibrium constant. 

The first two equation types are based on the concentration of each 
species, whereas the last equation type, the mass action expressions, 
are based on the activity of each of the species involved in a particular 
equilibrium. 
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In order to solve the set of simultaneous equations which arises, 
the activity coefficient for each species must be estimated and this 
then links the linear equations (mass balance and charge balance) with 
the non linear equations (mass action expressions). Frequently the 
estimation of the activity coefficients is accomplished by use of the 
extended Debye-Huckel equation and if the ionic strength (I) is not 
known a-priori, then the calculation of the concentration of each species 
becomes an iterative process which for milticomponent systems is most 
easily done on the computer. See Section 1.3.4. Regardless, the con- 
cept or approach is the same and will be illustrated by manual calculation 
for some simple systems. 

To begin with, consider the copper sulfate example in Section 1.2.3 
in which it was stated that consideration of complexation reactions allowed 
the extended Debye-Huckel equation to be used with good confidence at 
higher ionic strengths than would normally be recommended. The calcu- 
lation which shows this probably represents the simplest distribution of 
species problems that one could design. To restate the problem, consider 
a 0.05 m CUSO4 solution and determine the concentration of each species 
in solution at equilibrium. The stability of the copper sulfate ion 
pair, CuSOS, (a dissolved neutral molecular species) is given by the 
following dissociation constant, 

cuso 4 ° = a/" 1 " + so 4 = K = 10" 2 - 23 [1.3.12] 

These species constitute the only aqueous species present in the system. 
The following defining equations should be recognized: 



mass balance on copper, 

so?; 

'aq 



0.05 = (Cu ++ ) + (CuSOJ) [1.3.13] 



charge balance 

(H + )+ 2(Cu ++ ) = (0H")+ 2(S0 4 = ) [1.3.14] 

(Since the solution is at a neutral pH and since the concentrations of 
(Cu ++ ) and (SO4 - ) will greatly exceed the concentrations of (H + ) and (OH"), 
they are insignificant and can be eliminated from the equation.) 



a Cu ++ ' a S0f 



3CUS0 4 aq 



4- = TO" 2 ' 23 [1.3.15] 



or 

(Y Cu ")(Cu ++ )( Ys0 -)(S0 4 = ) 



( CUS0 4 >aq 
1.3.4 



= TO" 2 ' 23 [1.3.16] 
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(recall that y~ — = 1.0, see Section 1.2.4). 

4 aq 

Note that if the activity coefficient were known (specified ionic strength), 
then we have three equations and three unknowns. Combining equations 
[1.3.13], [1.3.14], and [1.3.16], the following quadratic equation in 
(Cu 2 S0 4 °) is obtained. 

^H* S 0/>t°- 05 " < CuS VW 2 _ 2 . 23 



(CuS0 4 °) 



= 10 '•** [1.3.17] 



aq 



or 



(CuS0 4 °)^ q - (0.1 * ^• 89 4 1 y ° , )(CuS0 4 °) aq * 2.5xl0" 3 = [1.3.18] 

LU 50* 

8y assuming an ionic strength, the activity coefficients (Yc u ++and Yen ) can 
be calculated from the extended Debye-Huckel (DH) equation 4 

and the quadratic equation solved for the (CuS04°) aq ; and subsequently for 
the concentrations of the other species. The ionic strength can then be 
calculated and compared to that which had been assumed. Iteration on 
this procedure (each time taking the calculated ionic strength as the 
new value) until calculated and assumed ionic strengths agree represents 
the solution to the set of defining equations. In this example the ionic 
strength would be, 

I ■ \ Ufa ■ jk2 2 (Cu ++ ) + 2 2 (S0 4 )] [1.3.19] 



1 



++, 



and since (Cu ) = (S0 4 ") 

I = 4(Cu ++ ) 

As an initial guess assume I = 0.2 (complete dissociation). Calcu- 
lating the activity coefficients from the extended DH equation (1.2.22) 
and solving equation [1.3.18], it is found that (CUSO4 ),,. = 0.0168; 
therefore (Cu ++ ) = (SOT) = 0.05 - 0.0168 = 0.0332 and the H calculated ionic 
strength is 

I = 4(0.0332) - 0.1338 

which deviates considerably from the value of 0.2 which was assumed. 

Now using this value of I to estimate new activity coefficients and 
solving again for (CuS0 4 °) aq , it is found that (CuS0 4 °) aq = 0.0192 and 
the corresponding calculated ionic strength is, 

I = 4(.0308) = 0.1232 
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which is much closer to the assumed value of 0.1338. Further iterations 
would bring even closer agreement and this exercise is left for the 
student. 

A more complicated system illustrates the usefulness of the computer 
in solving these complex equilibria problems. Calculate the distribution 
of species in a closed system containing 0.1 m total sodium and 0.1 m 
total carbon at pH 8.4 and 25°C. 

Species : Na + , NaC0 3 ", NaHC0 3 ° , C0 3 = , HC0 3 ", H 2 C0 3 ° 

Sodium Balance: (Na + ) + (NaCO ~) + ((NaHC0,°) = 0.1 
o j aq 

Carbon Balance : (NaC0 3 ") + (NaHC0 3 °) + (C0 3 = ) + (HC0 3 ") + 

(H 2 C0 3 ) - 0.1 

Mass Action Expressions : 

NaHC0 3 = Na + + HC0 3 " K = 1.77 

H 2 C0 3 = H + + HC0 3 " K - 3.98 x 10" 7 

HC0 3 " = H + + C0 3 = K = 5.01 x 10" 11 

NaC0 3 " = Na + + C0 3 = K = 0.281 

Note that if the activity coefficients (ionic strength) were known, this 
represents a system of six equations and six unknowns. 
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LEARNING ACTIVITY 4 

Learning Activity Objective 

After studying the material presented in this learning activity 
you should be able to use the computer program to solve for the con- 
centration of solution species in a complex hydrometallurgical solution. 

1.3.4 Computer Program for Solution Equilibrium Calculations 

These tedious calculations are considerably simplified by the solu- 
tion equilibrium computer program developed at the University of Utah. 
The Program Strategy, the User's Manual (including an example calculation) 
and a Program Listing are presented below. 

PROGRAM STRATEGY 

Problem Statement : It is desired to determine the concentration 
and activity of 'n s ' species in solution. In practice, this reduces 
to solving a system of 'n s ' non-linear equations and unknowns. 

Method of Solution : The following basic relationships can be 
established: 

1. LINEAR EQUATIONS: (Mass or Charge Balance) 

n s 

T. a. . c. = d.; i = 1, 2, ... , n, [1-4.1] 

H 1J J 1 ] 

where: 

n = total number of species in solution 

a.. = coefficient of c. in the i equation 

c. = concentration of the j species in solution 

•J 

d- = constant 

n, = total number of linear equations s n 

2. NON-LINEAR EQUATIONS: (Mass Action Expressions) 

n s 

z b ln( Y .c.) = In K.; 1 = n, + 1, n, + 2, ..., n c [1.4.2] 

where: 
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b ij s stol 'chiometry coefficient of species 'j' in 

reaction i (b^ > for products, b f . < for reactants) 

Yj = activity coefficient of species 'j' (Estimated by 
the Debye-Huckel relationship) 

In K. = natural logarithm of the equilibrium constant 
for reaction i 

Note that the index i refers to the equation number and the index j refers to 
the species. 

Let's define: 

X i 

X j = ln C j <=> C j = e ' J = 1. 2, . . . , n s [1-4.3] 

Then, Equations 1 and 2 become 

I a., e J = d- , i = 1, 2, . . . , n, [1-4.4] 

j=l J ' ' 

n s 

j., b io x j = ln s - ;., b io ln y j = d i • 

i = n } + 1, ^ + 2, . . . , n s [1.4.5] 

By defining: 

a. . = 0; for any i > n. 

and: b. . = 0; for any i <: n. 

Equations 1.4.4 and 1.4.5 can be combined to yield the non- 
linear problem: 

Find X = (X r X 2 , ..., X n ), such that: 




1.4.2 



Hydrometallurgy 



Solutions 



n. 



F i (X 1 , X 2 , • 



X, n s 



' • X n > " * a io e ° + * b ij X J " d i = ° • 

S si J 



i = 1 , . . . , n 



[1.4.6] 



This problem can be solved numerically by using the Newton - 
Raphson method. A first order Taylor series expansion of the 
function F.(X) about an initial guess of the solution, X ', 1s 
given by: 



n s r 



F.(XJ = F.(X (1) ) + I 
11 k=l 



aF i 



AX R (1) ; i = 1, . . . , n, 



3X k 

L _UO) 



[1.4.7] 



where: AX (1) = (AX^ 1 *, AX 2 (1) , . . . , AX n (1 >) = X - X 



(1) 



9F i 



L -»x 



= a ik e 



x k (D 



,(D 



+b ik i=l»2, ...,n s 

k = 1, 2, . . . , n s 

3d 
assuming (-g^-)^)- 

K 



A better approximation to the true solution, X_, is the vector: 
such that: 

n gr 

F,(X (2) ) * F (X (1) ) + I (^r-)v(l) ' AX k (1) = 
1 1 k=l *k A K 

The problem is now reduced to the solution of a linear system of 
equations, whose solution is the unknown increment vector AX^ '. 



[1.4.8] 



[1.4.9] 



From Equations 1.4.3, 1.4.6, 1.4.9: 



f =1 <*W 1,+b io> AX o 0) 



n 



s 
j=l 



n 



a,, cS*) - : 



s 
0=1 



(1) 



I-, -ij "J 7 , ~n "J D-4.10] 



i = 1, 2, . . . , n 
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or, in matrix form: 



Solutions 



(ac^ + uiAx'^D^-AcCfu.BiiO) 



[1.4.11] 



where: r— 



A = 



a ll a 12 ' • • a ln. 



_S' a v ■ • ■ a Vi 



; c (1 > = 



; < m . O 



B = 



b ll b 12 • • • b ln 



b„ ■, b 9 . . . b _ 
n s l n s 2 n s n s 



; AXO) . 



AX, 



(1) 



AM 



D 



(1) : 



(1) 



(1) 





1 




«™ 


; u = 


• 


andX (1 >= 


1 




i 




V 








s 



In general; after 'r' iterations: 
M (r) = f g(r) r l a (r) 



[1.4.12] 



where: 



! (r > = AC (r) + B 



gfr) =D (r) . fi£ (r) „ _ g ^(r) 



and the improved solution is given by: 
x (r + l) =x (r) +AX (r) 



[1.4.13] 



Equations 1.4.12 and 1.4.13 are iterated until: 

(r+1) _ (r) 
C^'-C^ II .max 



C j 



(^ry 



s? 10 
6 > 



-6 



[1.4.14] 
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COMPUTER PROGRAM: USER'S MANUAL 

1 . General Information : 

The computer program at the University of Utah is written in 
Fortran V, using the UUCC's library subroutine "GJR" for matrix 
inversion. Any subroutine for matrix inversion may be used by 
eliminating instructions 139-143 and substituting the appropriate 
instructions for the new inversion subroutine. The program is in 
file "SOLE" in the Univac 1108 computer system. A listing of the 
program is appended. 

As written, the program is limited to a maximum of 20 
species in solution. This number could be increased over 20 
simply by adjusting the DIMENSION statement of the program. 

Activity coefficients {y ., j = 1, 2, . . . , n s ) are 
evaluated using the Debye-Huckel equation: 

Az 2 I 1/2 
log Yj = - llil + B.l [1.4.15] 

1+Ba-I 1/2 

where: A = constant = 1 .825x1 6 /(eT) 1 " 5 
B = constant = 50.3/(eT) - 5 

e = dielectric constant of the solvent (e = 78.54 for H^O) 
T = solution temperature, K 
z. = charge of species j 

J 

a. = effective ionic diameter of species j 

I = Ionic Strength = ^ Z z. C. 

2 k=l K K 

B. = correction factor for species j 

2. Data Input : 

a. Card: COL 1-5: NS, total number of species (Format 15) 
COL 6-10: NL, total number of linear equations 
(Format 15) 
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COL 11-15: ITMAX, maximum number of iterations. 
(Format 15) 

COL 16-20: I FLAG in Format 15. 

If I FLAG = => Calculations are not checked 
If IFLAG ^ => Calculations are checked 
by comparing the specified and calculated 
RHS of the non-linear system of equations 
(Equations 1 and 2). 

b. Cards^ ' : COL 1-10: Species name in Format 2A5 

COL 11-20: Z(I), 1=1, NS, charge of species j 

in Format El 0.4 
COL 21-30: a-, i = 1, n , species diameter in 

Format El 0.4 
COL 31-40: B-, correction factor for species j in 
Format El 0.4 
(*) One card like this for each species, 
c Card: COL 1-10: TEMP, Temperature in °K (Format E10.4) 
COL 11-20: EPS, dielectric constant (Format E10.4) 

d. Card(s): Input matrix of coefficients for the linear 

equations row by row [$«. -, j = 1, . . ., n ) 

i = 1 , . . ., n-. ] in Format 1615. 

(If n > 16, two cards will be needed for each 

equation). 

e. Card(s): Input matrix of coefficients for the non-linear 

equations, row by row t(b.. j = 1, n ), 

1 j » s 

i = n, + 1 , . . . , n ] in Format 16A5. 

(If n > 16, two cards will be needed for each 

equation). 

f. Card(s): Input right hand side of linear equations 

(<Lj, i - 1, . . . , n,) in Format 8E10.4. 

g. Card(s): Input equilibrium constants (K-, i = n, +1, 

. . . , n ) in Format 8E10.4- 
h. Card(s) Input initial guess of concentrations 

(c- , j = 1 n ) in Format 8E10.4. 

J ^ 
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3. Example of Application : 

Calculate the distribution of species in an aqueous 
solution of 0.1 M total Na and 0.1 M total carbon, at pH 8.4 
and 25°C. 

Species : Na + , NaCO^, NaHC0 3 , CO^, H 2 C0 3> H+ 
Linear Equations : (Mass or Charge Balance) 

Na Balance: (m Na +)+(ni toC0 -Mm NaHC03 )=0.1 [1.4.16] 

C Balance: (ni NaC0 -)+(m NaHC03 )+(m c0 =) + (m HC0 -) + (m H2C03 ) 

= 0.1 [1.4.17] 

Non-Linear Equation s: (Mass Action Expressions) 
) 3 = Na + +HC0 3 ; K 3 



NaHCO- = Na + +HC0, ; K 7 = 1.77 [1.4.18] 



H 2 C0 3 = H + +HC0~ ; K 4 = 3.98xl0 -7 [1.4.19] 

NC0 3 " = H + +C0 3 = ; K 5 = 5.01xl0 -11 [1.4.20] 

[H + ] = 10' 8 - 4 j K 6 = 3.98xl0" 9 [1.4.21] 

NaC0 3 " = Na + +C0 3 = ; K ? = 0.281 [1.4.22] 

Note that the hydrogen activity must be included with 
the non-linear equations which involve activity terms. 
The data input and computer printouts are presented 
in the next pages. 
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Solutions 



4. Computer program 



i* 

a» 

3* 

4» 
b» 
6* 
7* 

a* 



was ic«tfs the rwrEwn»«Tio" /hip tt 

SPECK'S IM ?OLuTIi>.. riY UMNG T.ir rjfWTot '-HaF'HSO - . 1 '• 
A STSTEM »P •'!.• :>L'!-LI'if- fi i.< r.-)i i«T TONS. 



IVITY OF »NS« 
METHOP TO SOLVF 



A ( I . J ) 



K 1 1 ( J ) 



= (-mi i, u ,r r« mr .itm vfcif 1 - i: Tir nil linear 
P(HM1 I " . 

= ffflctivf diameter of thf jth spfcifs. 

r PCWrT-MUCKEL ►'»"V'FTrR. 



26* 


i. 


29* 


C 


30* 


C 


31* 




iZ* 


c 


33* 


c 


34* 


(. 


35* 


c 


36* 


c 



^« •. rtJi s jtrTivm r* . -j- ft splutiow. 

10« C H(I.J) = r .TOICHIOWETRIf COIFrTClE"T OF THE JTH SPECIES IN THF 

11* L ITU | WW. 

12*_ C - DEflTF-tftiCKEL '•AMA"ETfP. 

13* C IPJT(J) " "fF"F-HUCKFL P«Mft»TT«T F">« SPFCJFS '.I'. 

14* i. LO.iC(j) S rONCFMIWT/IOlj Or SPfClES 'J' IN SOLUTION. 

J'-i. i. MI) = MGmT HAtoP STOP OF T«« I TH EOLATION (LINEAR OR 

16* C 'tnn-LlNtAR) • 

17* C DCAL = CALCULATED VA1 UE OF -> 1 T ) COP THE LTIFAR EQUATION •!•• 

18* C 1 = 1.*...! L. 

C S 'ISL-;liIC CO''STAI T OF THE SOLVENT. 

C • M.il = ACTIVITY COEFFICIENT OF SPECIES ' J ' '" SOLUTION. 

II LAO : : CALCULATIONS CHFCH-O'lf IS NOT PERFORMED. 

C = 1 : CALCULATIONS CHFCK-OUT IS PERFORMED AND PRINTEO. 

C IOMIC = ionic ST8EM6TH. 

t IT = ITERATION NU«FER. 

.. IT-. •■ = ■'jUIXl "iCP OF TTrBATTO: I . 

C JCI.) = DUMMY ARRAY (CEOUIR r_ > BT INVE n SION SUBROUTINE 'GJR'l. 

Kill = FOU1LTHRIIM CNSTA'JT FOR ThF ITh EQUATION. 

KCAL r rALCliLArED VALUE OF K C I 1 » I=NL1 . . . »NS. 

LOGIC(J) S LNI6AMMAI J) > . 

NL r TOTAL NU»BER OF LINEAR EQUATIONS. 

I - ' I. ♦ 1. 

US r TOTAL NUMBER OF OPFCTES (OR EQUATIONS). 

I'll. J) = FLEMfNT OF THE MATBIY OF COEFFICIENTS OF THE LINEARIZED 

SYSTEM OF FQUATIONS. 

PI (I. J) = ELEMENT OF >P iNVrRSF'. 

0(1) = PIGTli HAND SIDE OF THE ITH LINEARIZEO EQUATION. 

37* &PECKJ] - NAME OF SPECIES 'J' ( ALPHANUMERIC ) . 

3a* C SPfcCP(J) - SAME AS SPFCl(J). 

39* C = SOLUTION TEMPERATURE, DEGREES KELVIN. 

40* C V(.) r PUMMY ARRAY (REQUIRED BY INVERSION SUBROUTINE 'GJR'l. 

41* C XNEwlJl 3 T'-PHOVEU VALUt OF LM(CONC(J)). 

42* *OLD(J> : PREVIOUS VALuF OF LI' (CONC ( J) ) . 

Z(O) = niAHGF OF SPECIES 'J'. 

ENSIGN A0(2u) .ACT(?C) • BOOT (.-I) > CONC (20] rD(201 ,gaMMA(20> . 
UC (20) .P(?n,?0),Pl (20.20) .CI20) . SPEC1 (20) .SPEC2<20 ) »V(2) . 
2XI;f_«U 20 > . XOLD ( 20 > . Z ( 20 > 

I-.TE6EP '(?O.20).B(20»20> 

MEAL IOl TC.K(20) .KCAL.L001J(?n) 

L'ATA REAPING 

READ TOTAL NUMBER OF SPECIES AND LINEAR EQUATIONS. 
READ mo.NS.NL.ITMAXrlFLAG 
llli) FOi(MAT( I6IB) 

. SPFCIFS NAME ("AX. Ill CHAPITERS) .CHAR6F, DIAMETER AND ROOT 
(ONE CAFP °FR SPFC1FS) 
DO 1 1=1. NS 

READ 1 1 • SPFC 1 1 I I . SPEC2 ( 1 1 . Z ( T I . AO ( 1 1 . HD"T < 1 1 
II- FORMAT (?*«>, IF lu.J I 
1 CONTINUE 

HEAD SOLUTION TEMPERATURE (KELVIN) AND DIELECTRIC CONSTANT. 
READ 12CTFWP.EPS 



•♦3* 

44» 


C 


46* 
47* 

48* 


SO* 
51* 




52* 
53* 
54* 


C 


bb* 





5t>* 
57* 
56* 
59* 
oO* 



ol* 
t>2* 

63* 

6^r 

65* 
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Computer program (Continued) 






' . I 



.-,- .,-irri unrlu MfF OF I InF"> F«0#TIB 
. ' (I)»J=lrNLI 



t ■ ■ i ■ . | | i. i ■ 1 ; r«" THi- ' I • - ' i ' tk. ■,. 

-,.' 1 . ( - 1 • ..,) ..1-1 • 
, c - : . 1 1 1 :" " 

t !-• I I] 

ts* •• '" ' i •' " 

7U. ' ■■- ' • ■' 

.,.„, - , , [pi TS I"'' THr • " -i I! FAfl FOUATWNS. 

/.,. « ii iv'ii'n: .j) ..j=i .*!-.) 

t=;< 

...•>• ,K ' .1=1 ntS 

i . .. !-" 

~. 7. 

I I I ■! II T - • NST*«JTS. 

i .,• I'- • i" ( : i . T- +&. i .' 

Mil* 

9 j, t -t.- ftJTTIf.l 6UE5S OF COHCENflwriON^. 

KEAO I?:., irrr.c 11 ) •! = ' 'i'5) 
93» 1 T - 1 • "*■ 

..... ri: v 01 Till 

7 »'>i ,.i( !)r»t' r !CU1 

W • 

9 7* C C/.LC"17T)0-"-. 

98* 

y9 , C COnn'Tfc r 'F'.Yf-i.MCKtL COrFnClF»*TS .1 A M'D P". 

1UU» '.(- J .' f>F« '(»**^*t'(J ">••< .S 

loi» c stm>t nrcfTinus. 

luM* DO " ITsI ,!"7.X 

Ilib , fc |.|,tF »0'<Tf »T»EN6TH fl»T) ACTIVITY COFFFICIFr.T^. 

1„7» I0.K = ■•• 

108« !'C 1" 1-1 ' ' 

xo9« u ionics-iom*"« ?(n»/(i)«c"iic( i) 

11(.» IONIC = R.«>*I0NK 

u? , LOvJ ii iT:r -.•A.idl.'Ul.I^ iK..r.S/(l.-»n".f.r(I).I0UC.»n.5) 

11J« 1 . I ! ft i I ) •'' ' It 

1JU» 11 liA' • ■ ( I l-1'....L ' ., ,11) 

lib* 

lu ,» c ; .-T-. WWl HA'.'i' '..IDF "F MTM-LINEAR STSTI . 

ii7» ao . i=i > 1 . ,,r 

U«» <R = Kill 

ii-.. . iz'.i'r( *i | 

120* .'>■' » J=l»* 

i^i, i,in:nui-"ii,jiiLu(.iiiij)».'>.'" 

1^2. *, com: 
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123* 

U«»* 

125* 

lt:b* 

ur* 

ISO* 
131* 
132* 
135* 
1.14* 

13b* 
137. 
130* 
139* 

MO* 

1-41. 
142* 
143* 
144* 
145* 

l4t>. 
147* 
148* 
149» 

15J* 
151* 
152* 
153* 
134* 
155* 
15b* 
157* 
158* 
159. 
loO* 
lbl* 
lb2* 
lo3* 

lL4* 
Ibb* 

loo* 
lo7* 
168* 
lo** 
170* 
171* 
172* 
173* 
174* 
17S* 
176* 
177. 
178* 
179* 



i. • t,,- "Aft* D* C" r '-r K.T C - TS rip T . (F LINFAKIZEO '.YSTF" 

C Of ;■■""'• r ,'.' 

no 13 r - 1 . '. 

I IT .1=1 i •' 

13 I'd ..i) = ' n.jiHT'i tjl t ; ( i . 'i 
c Compute rur »hhs« of thf Lri r » r, iZFn systfm of filiations. 

JO 1" Irl . "" 

'I(I) r CMJ! 

Ml .It" ."ir 

l" ■.'([) :«m - cm i,j).f o-jci.n « '.< i.j)*xcL r Mj) ) 
L SOLUF rtT r v' tl-- o* rounTlons : PX = 

C THf NEXT '• '"•I'NTF'iC'.S A'T REQUTPFn Tn USF SUBROUTINE 'GJP' 

l Foi; MATRIX ir vtrsi I . 

! = ;••"" 
iK) (' J=' •• " 
o I'Ul.j) a ' 1 1 , jj 

V(ll=l . 

CALL r,.,u tl>I,20»20.tiS>NS<*.23*JCfV) 
DO l? 1=1. IS 

"III 

1? Jsl .• « 
12 HliF.. (I ir" 1 - rtl «■ I T ! I..M.O(.l) 

1'. !:•."• 
15 COJ.CtDrl X*MX«£K(IJ ) 

Check f«p n*- convero:Nc> of nr socutipw. 

no u. ;- ' . r 

OELTASAP* I l .-FA,'(xri n, i ._ x .;p- (T) )) 
IF(CELT».3T,1.0E-61 GO T" \7 
lb COMiriUr 

bO TO IP 
17 CO'lT I : " if 

,io i« tsj.'r; 

1« 'OLr-(I):VNfi- (II 
9 COmTINUF 

C PRINT 01 iT IP Pt.SUl.TS. 

1M I'HII-T ftlt 
?0«1 FORMAT* JH1»3SX»«* • • SM in [AM rOUII.IPFI' V CALCULATIONS • « *•.//. 
l92*f'UUIV. *F UTAH. ;07H. ,///) 
PR INI 21 n »TF«P»EPS»MS 
210 FORMAT («|X»M. ivATa INPUT :•.//. ->x,i- SOLUTION TFMPERATURE :>.F6.1. 
1' r El VI' • . '."X, •- DIELECTRIC rr; STA'iT f >»F6.?r/'9Xi 
2 • - • : r '- : • . !•■•/! 

Phi HI 
220 F0ftMAT(9X.*- VATUx OF C^EFF JCTFNTS (LIMFAp EOi'AUONSI :•»/> 

do ?f r=i#*n 

PPH.T ?«'i. (,• il»j).„=l.\ r I 
'3. T il X.?PI5) 

?u . 

I " 
?40 Fi>Kv»ri/."». •- "STAix OF COFf FTCIENTS jnon-LI' AT TONS! :•./) 

CO 21 I: l ' .MS 
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loo* 

161* 
102* 

1S3« 

lo*** 

las* 

IQff 

lo7* 

lae* 

169* 
190* 

wi* 

192* 

193* 
194* 

195* 

196* 

1*7* 

198* 

199* 

200* 

2ul« 

2u2* 

2u3* 

2£W« 

205* 

206* 

2u7* 

- 

209* 

2 in* 
211* 
212* 

2l-*» 

213* 
216* 



217* 
216* 
219* 
2«:l;« 
221* 
222* 
223* 
22U* 
225* 

226* 

227* 



•vr t ; "■'• c 1 1 .j! .u=l • .""■) 
?i CONTIMWr 

C COMPUTE "fT-vill-'-. 

? r - 1 = ' . • 
?3 ACT! Ii=i-.»vi> (I j,r,,:if (I) 

PRIM 2f.f 
25,0 FOK"ATM>l.*X. •?_. CALCULATIONS :'.//. 1 1 X .• SPECIES CHARGE DIAME 

lH, T ACTIVITY' , ox, •MOLAR* .7X. 'ACTIVITY' ./.<*7X. 'COEFFICIENT 

1 CO' rf ■ 'puio,,! ,//) 
2? 1=1 »■« 
PR1 IT ?6<1«SPFC1 I I I »SPFC?«I) ./IT) .And) .(inoTCT) .r,AMMA(I),COMC( I ) . 
1 ACT! I ) 
?nil FOKMAT ( inx.?A5.F7.l,F10.?rFB.?tE12.u.El«.'».E13.'«) 
ZZ COMTtMUF 

. - .■••!'.!! 

^7, ti///,)1Xi ■ in. IC 5TI'EN8TH ;• .El n.<» .//. 1 IX .• ITERATIONS :•. 

HID.///) 
IF(IFLAG.EI.O) GO TO 28 

C CAUCI'LATIO'IS CHECK-OUT. 

PRINT 2rn 
?8<> FORMAT fftX.'T. v-ALCUl NTIO'IS ChrCK-OUT :'.//. 9X.'- LINEAR EQUATIONS 

i:j»/.2S*« 'SPrciFM calculates" •/) 

DO 21 1 = 1 .'H. 
DCAL = n. 
on 25 J=i ••!*. 
?•> DCal = ••'/' • .,(i.j)*ro'ir<j) 
i'himt 2<>n,T.n( li .dcal 

2«U FfR-.;.T(1'X.")( , ,I^..)'.Fl7.'4.riA.'») 

24 CouTinur 
PRINT 3on 
300 F0HWAT(//.nx, •- Nnr:-LINE1R EQUATIONS :•. /.25X, -SPECIFIED CALC 

liJLATFn'./) 

jo 2f> IrHLl .-.'. 

KCAL r 1 .0 

DO 27 Jrl .".*, 
27 KCAL = KCAL*(G.HWA(J)*CONC(J> )**nd.J) 

PRINT 3lQtT(K(Il*KCAL 
Ml M! <X, <¥ { ' ,T2. • ) > ,F]7.'i.rift.i») 

2b CONTTWV 

. TO ?P 
23 PRINT J?n 
320 FORMATdui .SX.'UNfitFINED CHE^ICaL SYSTF* . REVIEW PROBLEM STATEVEN 
IT') 
2r. COWT1 
end 
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. . . SOlllTI'Vi E'.'lTl.IaHT'JM CALCULATIONS • * • 



1. JATA I«W»aT : 

- SOLUTION TEMPEttATUPE : '" 1 o..3 KtLVlN 

- DItLECTRIC CO'iSTAi'T : 7P.S-. 

- IMXtJER uf SPE ■ f 

- MAlKlX OF COEFF ICIF"T«. (I WEAR LQI1STIOMS) ! 



1 


1 


i 







" 


. o *» 


. ; 


1 


i 


1 




1 


1 


Kl> 


: 


CoEFr 


I-Ctn 


|T« 


n 


'CN-L1 


1 




-1 


n 




i 


n 


U 


G 


ii 


n 




i 


-l I 




a 


u 


! 




-i 


1 


u 


a 


•1 









n 1 


1 


-i 


It 


1 




" 


ii n 



2. CALCULATIONS i 
SPtCIES 



;.«• 1.0 

NAC03- -1.0 

NMHC03 .0 

CU3 — -2.0 

.3- -1.0 

H^coa .c 

H + 1.0 



MFTER 


ROOT 


fCTIVITY 
COEFFICIENT 


"OLAR 

concpi"Tratio': 


ACTIVITY 


M."0 


.00 


.7776+00 


,1729-01 


.7565-01 


i.oo 


.00 


.3303+00 


.10?8-0<i 


.8532-05 


.no 


.on 


.lono+ci 


.2703-02 


.2702-0? 


5.00 


.on 


.3106+00 


."lW-Ot 


.3169-04 


«».oo 


• on 


.7776+pn 


."132-01 


.6323-01 


.no 


.00 


.1000+01 


.15ftfl-01 


•15R8-01 


o.nn 


.00 


.6303+00 


.12P<*-06 


.1000-06 



IOi.IC STRFNl.TH : .ft9<»7-oi 
ITERATIONS : 11 



3. CALCULATIONS CHECK-OUT 



- LIWEAH EQUATIONS : 

SPGCIFIFD 



U( 1) 



J( 2) 



. 1000*00 
.1000+01 



CALCULATED 

.1000*00 
.1000+00 



NON-LlNtAR EQUATIONS '. 
SPECIFIFD 



.1770+01 
•39B1-0* 
.5012-10 
.1000-06 
.2810+00 



M 


3) 


K( 


Hi 


Kl 


b) 


*< 


6) 


Kl 


7) 



CALCULATED 

.1770+01 
.3981-06 
.5012-10 
.1000-06 
.2810+00 
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LEARNING ACTIVITY 5,6 

1 .4 Oxidation - Reduction Reactions 

Learning Activity Objective 

After completing your study of the material in this learning 
activity you should be able to construct electrochemical phase dia- 
grams. 

1.4.1 Convention 

Oxidation-reduction reactions, particularly electrochemical reactions, 
are of considerable importance in hydrometallurgy. The electron exchange 
for one or more elements results in a change of the oxidation state, or 
valence, of that element. In redox reactions, the loss of electrons by 
an element (oxidation) must be accompanied by a corresponding gain of 
electrons by an element (reduction). As a consequence, the reaction can 
be divided arbitrarily into two parts by writing each part of the reaction 
in terms of the electrons gained or lost. The oxidation portion of the 
redox reaction is called the anodic half cell while the reduction portion 
of the redox reaction is called the cathodic half cell. 

Electrochemical reactions are heterogeneous redox reactions, unique 
in the fact that the electron exchange does not occur at a point in space, 
but rather the half cells are separated by some finite distance. This 
requires that the reaction occurs at the surface of an electronic con- 
ductor and, as a result, definite anodic and cathodic areas are developed 
which may be separated by a considerable distance. As a result of these 
considerations it is seen that the basis for dividing an electrochemical 
reaction into two parts is really not arbitrary, but has a definite 
physical significance. Besides providing a realistic way of thinking 
about redox reactions, the half cell concept provides a convenient method 
for balancing redox reactions. The procedure consists of the following 
four basic steps for each half cell: 

1) Establish the half cell reaction products and balance 
the elements. 

2) Balance the oxygen with FLO. 

3) Balance the hydrogen with H . 

4) Balance the charge with electrons. 

The balanced half cells then are adjusted and added so that the number of 
electrons cancel, resulting in the overall redox reaction. This procedure 
is illustrated below for the redox reaction of thiosulfate to sulfate by 
oxygen. 

Anodic half cell 

1) S 2 3 " - 2S0 4 = [1.5.1] 

1.5.1 






_ 



Hydrometallurgy 

Aqueous 
Ion 

Mn ++ 
Mn +3 
HMn0 2 " 
Mn0 4 " 
MnO„ = 



Redox 



Manganese Species 



AG f °, 25°C 



-54.5 


-19.6 


-120.9 


-107.4 


-120.4 



_ 



J 



J 



II. 



T ' ' 










+9 


[1.5.18] 




-26.4 


[1.5.19] 




+3.8 


[1.5.20] 




-2.7 


[1.5.21] 


■— 



III 



Determine unstable solid phases 

a) Reactions involving no change in oxidation state of Mn: 
stability determined simply by relative free energy values. 

AG„°, 25°C, Kcal 

MnOOH + H 2 •* Mn(0H) 3 
2Mn(0H) 3 + Mn 2 3 + 3H 2 
Mn(0H) 2 * MnO + H 2 
2Mn00H t Mn 2 3 + H 2 

b) Change in oxidation state of Mn: do not consider solid phases 
which have been eliminated. 

Mn 3 4 + 2H 2 + 2H + + 2e" J 3Mn(0H) 2 

E = .484 - .059 pH 
3Mn 2 3 + 2H + + 2e" t 2Mn 3 4 + H 2 

E = .697 - .059 pH 
2Mn0 2 + 2H + + 2e" + Mn 2 3 + H 2 

E = 1.016 - .059 pH 

Solid-aqueous species equilibria (aqueous concentration or activity 
= 10-4) 



[1.5.22] 




[1.5.23] 




[1.5.24] 




[1.5.25] 


_ 


[1.5.26] 




[1.5.27] 





a) Reactions involving Mn 



++ 
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Mn(0H) 2 + 2H + + Mn ++ + 2H 2 [1.5.28] 

pH = 9.5 [1.5.29] 

Mn 3 4 + 8H + + 2e" * 3Mn ++ + 4H 2 [1.5.30] 

E = 2.17 - .236 pH [1.5.31] 

Mn 2 3 + 6H + + 2e~ -> 2Mn ++ + 3H 2 [1.5.32] 

E = 1.68 - 0.118 pH [1.5.33] 

Mn0 2 + 4H + + 2e" * Mn ++ + 2H 2 [1.5.34] 

E = 1.35 - 0.118 pH [1.5.35] 

+2 +3 

b) The reaction involving Mn -*• Mn ' is unstable with respect to 

Mn ++ as shown by the following half cell: 

Mn + e" •* Mn for equal activities; [1.5.36] 

E = P = 1.51 [1.5.37] 

Similarly all reactions between solid phases will be unstable 
with respect to Mn + 3 field. This is not to say there will 
not be small concentrations of Mn + 3 indeed there will, but 
the most significant species is Mn +2 \ 

c) Reactions involving HMn0 2 

Mn(0H) 2 -*■ HMn0 2 " + H + [1.5.38] 

pH = 15.4 [1.5.39] 

Mn 3 4 + 2H 2 + 2e" t 3HMn0 2 " + H + [1.5.40] 

E = -.88 + .0295 pH [1.5.41] 

Mn 2°3 + H 2° + 2e " * 2HMn0 2 [1.5.42] 

E = -1.18 [1.5.43] 

Mn0 2 + H + + 2e~ * HMn0 2 " [1.5.44] 

E = .33 - .0295 pH [1.5.45] 

d) Reactions involving Mn0.~ - exercise for student. 
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The completed phase diagram can be drawn from the developed equation, 
Figure 1.5.2. 

The electrochemical phase diagrams become more complex as the number 

of components is increased. Examples are presented in the appendix for 

the addition of CO? to the manganese-water system. The phase diagrams 
are presented in Figures 1.5.3, and 1.5.4. 

Electrochemical phase diagrams which involve sulfur are of particular 
interest to hydrometallurgists. Leaching of sulfide minerals is en- 
countered in many instances and these electrochemical reactions can be 
rather complex. In part, this complexity arises from the fact that sul- 
fur can acquire a multitude of oxidation states ranging from -2 to +6. 
Even when metastable sulfur species, such as sulfate (SO* - ) and thiou- 
sulfate (S203 = ) are eliminated, electrochemical phase diagrams are still 
relatively complex. 

To illustrate the rudiments of electrochemical phase diagrams con- 
taining sulfur, lets consider the stable aqueous sulfur species which 
should be considered under equilibrium conditions. 



Species 


AG° 
-6.54 


Species 


AGJ 


2 aq 


H 2 S0 4 


-179.94 


HS" 


3.01 


S0 4~ 


-177.34 


S = 


21.96 







The equilibria and half cells necessary to establish the predominance areas 
for electrochemical phase diagrams containing dissolved sulfur are pre- 
sented in the Appendix attached to this learning activity. The diagrams 
are shown in Figures 1.5.5 and 1.5.6. 
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Figure 1.5.2 Mn - H^O System. 



1.2 - 



0.8 - 



0.4 - 







-0.4 - 



-0.8 - 



-1.2 




2 



6 

pH 



8 10 12 14 
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Fiqure 1.5.3 Mn - H 2 - C0 2 System.* Constant C0 2 Pressure (Open System) 



1.2 



0.8 



0.4 







-0.4 



-0.8 



P C0 10 _3 - 5 atms 



t r 



(1.5.14) 




J L 



J L 



8 



12 14 



PH 



'See Appendix 
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Figure 1.5.4 Mn - H 9 - CO System.* Constant Dissolved C0 2 Content 



-1.4* 



(closed system) ECCL = 10 M 



0.8 - 



0.4 - 



-0.4 - 



-0.8 - 



-1.2 





■ ! 1 


1 1 


1 1 


- 


(l.5.35T\ 


^^4J.5.I4) 

KMn0 2 — 


- 




Mn 2+ (io- 4 ) 




^05.27)^^^ 
.Jl.5.72)^^. ^"^ 








XMiigOj "^^^^ 




(1.5.84) 


MnC0 3 


\\4L5.25) 

(i.5.79)\Mn 3 0^^ 
V415.23) 








(1.5.77) 


Mn(OH) 2 




1 1 


1 1 


1 1 







8 10 12 14 



*See Appendix. 



PH 
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Figure 1.5.5. Sulfur Species - Water System.* T = 25°C 




"See Appendix. 



1.5.12 



Hydrometallurgy 



Redox 



Figure 1.5.6. 



Sulfur-Water System.* 
(Total Dissolved Sulfur 



2xlO _1 M) 






.8 



T - 25 U C 



.6 . 



.4 _ 



.2 _ 



-0.2 _ 



-0.4 ~ 



-0.6 





1 1 


\l 1 1 
\\ °2 






(1.5.94) 


(1.5.14) \. 


~ 


HSO" 








- 






- 






so 4 = 










- 






_ 


>v *^^V ^. 






\!j2 S (Aq) \\ 




_ 


>v 






H (1.5.17) 
H 2 


"s*- \ 




i i i 


1 \l 1 \ 





8 



10 



12 



14 



*See Appendix. 



PH 
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In the H2CO3 predominance area only Mn0 2 would have a stability 
field with respect to MnC(L. 



= 10 



b) HC0 3 Stability field, i.e., HC0 3 = 1 
Mn(0H) 2 + HC0J+ H + = MnC0 3 + 2H 2 



-1.4 



AG r = -19.3 + 1.364 pH 



Mn 3 4 + 3HC0 3 + 5H + 2e = 3MnC0 3 + 4H 2 

E = 1.74 - .15 pH 
Mn 2 3 + 2HC0 3 " + 4H + + 2e" = 2MnC0 3 + 3H 2 

E = 1.40 - .12 pH 
Mn0 2 + HC0 3 " + 3H + + 2e~ = MnC0 3 + 2H 2 

E = 12.0 - .09 pH 

In the HC0 3 " predominance area both Mn02 and Mn203 would have 
stability fields with respect to MnC0 3 - 



[1.5.67] 




[1.5.68] 


~ 


[1.5.69] 




[1.5.70] 




[1.5.71] 


— 


[1.5.72] 




[1.5.73] 




[1.5.74] 


— 



-1.4 



c) C0~ Stability field, i.e., C0 3 " = 10 



Mn(0H) 2 + C0 3 + 2H = MnC0 3 + 2H 2 

AG = -33.3 + 2.73 pH 
r (pH = 12.2) 

Mn 3 4 + 3C0 3 = + 8H + + 2e" = 3MnC0 3 + 4H 2 

E = 2.65 - .24 pH 
Mn 2 3 + 2C0 3 = + 6H + + 2e" = 2MnC0 3 + 3H 2 

E = 2.0 - .18 pH 
Mn0 2 + C0 3 = + 4H + + 2e" = MnC0 3 + 2H 2 



[1 
[1 
[1 

[1 

[1 
[1 

[1 

[1 



5.75] 
5.76] 
5.77] 

5.78] 

5.79] 
5.80] 

5.81] 
5.82] 



In the 003" predominance area all of the oxide-hydroxide compounds have 
stability fields. 
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d) Mn ++ Equilibria with MnC0 3 

MnC0 3 + 2H + = Mn ++ + H 2 C0 3 [1.5.83] 






AG,. = -13.45 + 2.73 pH [1.5.84] 

r (pH = 4.9) 

MnC0 3 + H + = Mn ++ + HC0 3 " [1.5.85] 

AG r = -4.75 + 1.364 pH [1.5.86] 

MnC0 3 = Mn ++ + C0 3 = [1.5.87] 

AG r = 22.4 [1.5.88] 

Sulfur - Water System 

The equilibria and half cell reactions for the construction of 
Figures 1.5.5 and 1.5.6 are presented. 

H g S = H + + HS" K = 10" 7 [1.5.89] 

c aq 

pH - 7 + log (HziaiL) "*•** 

HS" 

HS" = H + + S = K = 10' 14 [1.5.91] 

pH = 14 + log (E|) [1.5.92] 

S 

HS0 4 " = H + + S0 4 = K = 10" 1 - 9 [1.5.93] 

HS0 A " 
pH = 1.9 + log ( ?-) [1.5.94] 

S0 4 

H 2 S aq + 4H 2° = HS0 4" + 9H aq + + 8e [1.5.95] 

[HSO "] 

= 0.290 - 0.066 pH + 0.0074 log - — [1.5.96] 

[H 2 S] 

H 2 S aq + 4H 2° = S0 4aq"" + 10H aq + + 8e [1 " 5 - 97 ^ 
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E = 0.303 - 0.074 pH + 0.0074 log L ?. ] [1.5.98] 

2 

HS aq~ + 4H 2° = S0 4aq" + 9H aq + + 8e p.i.»] 

E = 0.252 - 0.066 pH + 0.0074 log - [1.5.100] 

[HS'l 



; aq" + 4H 2° = S0 4aq" + 8H aq + + &* [1.5.101] 

so 4 " 

[S""] 



E= 0.148 - 0.059 + 0.0074 log *- [1.5.102] 



As mentioned previously, the predominance areas are delineated by points 
of equal activity. Hence the stability regions for two aqueous species 
is established by setting the activities equal and plotting the respective 
equation. By using such a procedure for equations 1.5.89 to 1.5.102, the 
predominance areas for aqueous sulfur species can be constructed as shown 
in Figure 1.5.5. Note that these predominance areas are independent of the 
amount of dissolved sulfur in the system. 

Only the half cells representing stable equilibria are presented. 
Metastable equilibria have already been eliminated. For example, the 
equilibrium for the HS0."/HS~ couple is: 

HS0 4 " + 9H + + 9e -*■ HS" + 4H 2 [1.5.103] 

E = .21 - .059 pH [1.5.104] 

The dashed line on the electrochemical phase diagram is a plot of equa- 
tion 1.5.104. Note that for pH values less than 7, the equation of the 
line lies in the H2S predominance area and HS" is unstable with respect 
to H2S a q. For pH values greater than 7, where HS" is stable, it can be 
seen that HS04~ is unstable with respect to SO^. Therefore, the HS04"/HS" 
couple represents a metastable equilibrium. 

When the total dissolved sulfur exceeds 10 M, a stability region 
for elemental sulfur forms. This stability region referred to as the 
"sulfur nose" can be determined by considering the equilibria between 
S° and each of the predominant aqueous sulfur species. 

E ■ .142 - Np log a^. .059 pH, H 2 S aq = S c + 2H aq + + 2e [1.5.105] 

E = .065 - ^4p log a HS - - ^|i pH, HS aq " = S c + H fiq + + 2e [1.5.106] 
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E = ..476-^a s : 



aq 



= S r + 2e 



[1.5.107] 



E = .34 + .01 log a HSQ _ - .068 pH, S c + 4H 2 = HS0 4 - + 7H + + 6e [1.5.108] 



E = .357 + .01 log a 



SO, 



079 pH, S c + 4H 2 = S0 4 -- + 8H + 6e [1.5.109] 



aq 



The positions of these equilibria on the electrochemical phase diagram 
will be dependent on the amount of dissolved sulfur. For example, if 
the total dissolved sulfur were 2 x 10~'M then the "sulfur nose" would 
extend into the bisulfide predominance area as shown in Figure 1.5.6. 



Significance of Predominance Area Assumption for Aqueous 
Species in the Construction of Electrochemical Phase Diagrams 

The assumption normally made is that all of a given component exists 
as a particular aqueous species for a given predominance area. The assump- 
tion is only an approximation and rigorously the distribution of species 
or the coexistence of other species must be considered. 



equ 



j. J. J. "3 

To illustrate the point, consider for example the Fe , Fe * Fe 2 3 
ilibria as shown in Figure 1.5.7. 



2Fe + 3 + 3H 2 = Fe 2 <> 3 + 6H + 

log (Fe +3 ) = -.72 - 3pH 



Fe 2 3 + 6H + + 2e 



= 2Fe ++ + 3H 2 



++ 



Fe +3 + e 



E = 0.728 - .059 log (Fe""") - .177pH 

++ 

+3 



Fe 



E = 0.77 + .059 log 



Fe 



Fe ++ + Fe +3 = E Fe 



Fe 



++ 



aq 



1.5.110] 

1.5.111] 
1.5.112] 

1.5.113] 
1.5.114] 
1.5.115] 
1.5.116] 



The first equilibrium half cell to be examined is equation 1.5.105, (Fe ? q / 
Fe +3 ). Using equation 1.5.115 (Fe ++ /Fe +3 couple) and equation 1.5.116 
(the mass balance), it is evident that: 



+3 



Ee__= 10 (E-.77)/.059 



zFe-Fe 



+3 



[1.5.117] 
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and 



+3 10 [x + (E-.77)/.059] 

Fe * i + 10 (E-.77/.659) where x = lo 9 SFe 



[1.5.118] 



Substitution of this expression for Fe into equation 1 .5.111 
results in 



10 [X + (E-.77)/.059] 

}oq } + 10 f(E-.77)/0.59] 



= -.72 - 3pH 



[1.5.119] 



At the potential .77 then 
log {£-1 og If 



[1.5.120] 



For a total iron of 10" , i.e. EFe 

and 



aq 



10" 6 then x 



= -6 



log 5 x 10" 7 = -.72 - 3 pH 



[1.5.121] 



P H =1.86 



[1.5.122] 



Other potentials can be considered for example at E = 0.8 again 
with EFe = 10" 6 



1Q (-6 + .03/. 059) 
l0 9 1 + 10 .03/.6S9 = "- 72 " 3 P H 



[1.5.123] 



- 6.12 + .72 = - 3pH 



pH 



1 .8 



Consider E = 0.9 IFe = 10 



-6 



ln (-6 + .13/. 059) 



- 3 pH 



[1.5.124] 



[1.5.125] 
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-6 + .72 = -3pH 

pH = 1.76 

The second equilibrium to be considered is that given by equation 
1.5.113. Solving equation 1.5.115 and 1.5.116 in terms of Fe" 1 "*" this 
time yields the expression 

r Fe - Fe** _ , Q (E-.77)/.059 
Fe 



[1.5.126] 



Fe 



++ 



zFe 



" 1 + 10 (E-.77)/.059 
Substitution into equation 1.5.113 results in 



[1.5.127] 



[1.5.128] 



++- 



E = 0.728 - .059 (Fe ) - .177 pH 



for xFe = 10 



E = 0.728 - .059 log 
-6 



zFe 

1 + 10 (E-.77)/.059 



E - .059 log [1 + 10 ( E -- 77 )/' 059 ] = .728 + .059(6) - .177 pH 

= 1.082 - .177 pH 
for E = 0.77 

.77 - .059 log (2) = 1.082 - .177 pH 

pH = 1.86 
E = .75 

.75 - .059 log [1 + io"- 02/ - 0592 ] = 1.082 - .177 pH 

pH = 1.93 

As can be seen in Figure 1.5.7, only small changes in stability 
fields are observed when the electrochemical equilibria are treated 
rigorously. The predominance area assumption normally used can be 
taken as a good approximation under most circumstances. 



[1.5.129] 

[1.5.130] 

[1.5.131] 

[1.5.132] 
[1.5.133] 

[1.5.134] 
[1.5.135] 

[1.5.136] 
[1.5.137] 
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Figure 1.5.7. Significance of Predominance Area Assumption. 
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LEARNING ACTIVITY 1 

Learning Activity Objective 

After completing this learning activity you should be able to define 
a homogeneous reaction and a heterogeneous reaction and their corresponding 
rate expressions, and be able to relate the rate from one component to 
the other component by the stoichiometry. 

2.1 Introduction 

In the preceding module you were introduced to the basic concepts of 
thermodynamics that apply to the hydrometallurgical processes for pre- 
dicting the possible direction of reaction, the equilibrium concentrations 
of reactants and products and the effect of temperature and concentration 
on reactions. Thermodynamics, however, does not allow us to predict the 
rate of a possible reaction. The rate at which a reaction proceeds in a 
hydrometallurgical process is of great concern. Hydrometallurgical re- 
actions normally occur at relatively low temperatures and involve more 
than one phase. The reactions are, therefore, normally relatively slow 
processes. The use of thermodynamic principles allows us to anticipate 
the possible end products. But step-by-step analyses of the reaction 
sequence and reaction rate provides us with important information, i.e., 
the mechanism of the reaction and intrinsic kinetic data necessary to 
design satisfactory equipment for practical commercial application. 

2.1.1 Classification of Reactions 

The study of rate" processes is a field that deals with the rate at 
which processes occur (change of concentration of reactants per unit time). 
There are many ways of classifying rate processes. One is to divide them 
into two main categories, first, the kinetics of physical processes, and 
second, the kinetics of chemical reactions. The former deals with the 
study of the rate of processes that do not alter any chemical property of 
the constituents. The latter, chemical kinetics, is mainly concerned 
with the rate at which certain chemical reactions proceed. In some cases, 
however, both chemical and physical processes may be involved simultaneously. 

Another classification is needed to describe more complicated systems. 
A useful classification scheme is to classify the rate processes according 
to the number and types of phases involved. The major divisions are: 
homogeneous and heterogeneous systems. A reaction is homogeneous if it 
takes place in a single phase and reacts uniformly throughout the whole 
volume of that phase. In this case only the chemical kinetics, not 
physical kinetics, are important due to the fact that the reactants have 
been homogeneously distributed throughout the whole system. A reaction is 
heterogeneous if it involves at least two phases and reacts at a common 
phase boundary (interface). In this case, physical rate processes may 
play an important role in determining the overall kinetics, e.g., the 
transport of reactants from the bulk phase to the reaction interface. 
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To express the rate of a reaction, it is necessary to select one 
reacting component i for consideration and to define the rate in terms 
of that component. The rate expression that describes component i is 
related to the rest of the components and is based on intensive rather 
than extensive properties. The rate of change of component i is dN-j/dt, 
i.e., moles of component i reacted per unit time or some equivalent 
units. The form of the rate equation depends on whether the reaction 
is homogeneous or heterogeneous. For a homogeneous reaction, because 
the reaction takes place uniformly throughout the whole system, the rate 
expression is defined as moles of component i generated or consumed per 
unit volume, V, per unit time, 



r .1*1 

r i V dt 



[2.1.1] 



But for a heterogeneous reaction where the reaction is taking place only 
at the interface, the rate is expressed as moles of component i generated 
or consumed per unit interfacial area, S, per unit time, 



r i '" S dt 



[2.1.2] 



If the component i is a reaction product the rate, r. , will be positive, 
if it is a reactant the rate will be negative. 

The relationship between rate expressions for all the components in- 
volved in the reaction can be determined from the stoichiometric equation, 



v A A + v B B * . 



. - v c C + v D D 



v. = stoichiometric coefficient for component i, reactant 
species will have a negative sign and product species 
will have a positive sign. 

An example of the rate relationship between two species A and B is as 
follows: 



[2.1.3] 



V A V B 



[2.1.4] 



2.2 Homogeneous Kinetics 

In homogeneous reactions all reacting materials are found within a 
single phase. The phase can be a gas, liquid or solid. Although there 
are a number of ways of defining the rate of reaction, the definition 
based on unit volume of reacting fluid is used almost exclusively for 
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homogeneous systems. Thus, the rate of reaction of a reaction product 
is defined as, 

rill 

. 1 D _ (moles of D produced) r9 . --, 

D V dt (unit volume)(unit time) U-i.bJ 

D .. (concentration of D increased) ro , ,-, 

dt "^ (unit time) L«M.bJ 

where Cq is the concentration of D in the system. The rate of reaction 
of a reactant A consumed is defined as 

-1 dN A " dC A 

■ p c A 'rHr'ir l*- 1 ^ 

In general, the rate at which the homogeneous chemical reaction 
proceeds depends upon (a) the nature of the reactants, (b) their concen- 
tration, (c) the temperature, and (d) the presence of catalysts. 

2.2.1 Law of Mass Action and Rate Law 

The Law of Mass Action states that the rate of a chemical reaction 
is directly proportional to the active mass of the reacting species. The 
term active mass is described as being dependent upon the number of re- 
acting species per unit volume, i.e., concentration. In harmony with 
the law of mass action, reaction rates do depend upon some function of 
the concentration. 

Suppose, for example, a reaction is progressing from a general 
stoichiometric equation, 

\>A A + v B B •> v c C + v Q D [2.1.8] 

the rate is described by the rate equation: 

" dC A n A n R 

-^=k(C A A )(C B B ) [2.1.9] 



where 



dC fl = C. 7 -C. , = concentration difference of species 
m,^ m,i between times t and t 

dt = tp-t, = time difference between t~ and t, , 
C A , C B = concentration of A and B, respectively, 
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k = specific rate constant, 

n», n„ = order of reaction with respect to A and B, 
respectively. 

Note that the reaction orders, n, are not necessarily related to the 
stoichiometric coefficient, v. 

Those reactions in which the rate equation does correspond to a 
stoichiometric equation, i.e., reaction order = stoichiometric coefficient, 
are called elementary reactions. An elementary reaction is a single step 
reaction that goes from reactants directly to products without forming 
any intermediates. But when there is no correspondence between stoichiometry 
and the rate then it is a non-elementary reaction. The classical example 
of a non-elementary reaction is that between hydrogen and bromine, 



H 2 + Br 2 



2HBr 



[2.1.10] 



which has the experimental rate expression given below, 

r HBr " k 2 +[HBr]/[Br 2 ] 



[2.1.11] 



where square brackets represent concentrations. 

Non-elementary reactions are explained by assuming that what we 
represent as a single reaction [2.1.10] is in reality the overall effect 
of a sequence of elementary reactions. By analyzing the experimental 
rate data, the reaction mechanism has been proposed to be: 



_ 






Br, 



2Br' 



Br + H 2 t HBr + H 



H + Br t HBr + Br" 
where H* and Br' are hydrogen and bromine free radicals. 



[2.1.12] 



Chemical reactions are also divided into single and complex reactions. 
A single reaction is any reaction involving a single stoichiometry and a 
single rate equation, such as 

A + B -v C + D [2.1.13] 

Compl ex reactions are any combination of two ore more single reactions, 
e.g., 
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series or consecutive A -»■ B ■+ C [2.1.14] 

opposing or reversible A J C [2.1.15] 

and parallel reactions A •> B and A -*■ C [2.1.16] 

2.2.2 Theories of Rate Constant 

From the previous discussion, the rate of a chemical reaction will 
depend not only on the mass action but also on the nature of the reactants 
and the temperature. The effect of the last two factors has been lumped 
into an experimental rate constant k presented in the rate equation [1.1.9]. 
At present it is impossible to predict exactly the velocity of a chemical 
reaction from the knowledge of the nature of the reactants such as the 
electronic structure of elements and molecules and their chemical and 
physical properties. But the effect of temperature on the rate of reaction 
has been studied quite extensively and several theories have been proposed. 

Arrhenius developed a concept for the variation of the rate with 
temperature based on the thermodynamic argument. He showed that the rate 
constant increases in an exponential manner with the temperature: 

k = A exp[-E /RT] [2.1.17] 

3 

where k = specific rate constant, 

A = frequency factor, 

exp = exponential , 

R = gas constant, 

T = absolute temperature, and 

E, = activation energy, 
a 

The Arrhenius expression fits experimental data over wide temperature 
ranges and has been an accepted way of presenting kinetic data. The 
numerical value of the energy of activation can be determined by plotting 
In k against 1/T, -Eg/R is the slope of the plot. An example plot is 
given in Figure 2.1.1. The example chosen for illustration is the hydro- 
genation of ethylene. The activation energy for the reaction is 12.8 kcal/ 
mole^ 1 ). The value of the activation energy is usually positive. It has 
been interpreted to be the quantity of potential energy that must be 
overcome before a specific chemical reaction can occur regardless of the 
internal energy of reactants. 

The concept of activation energy has been described in terms of 
two theories, the collision theory and the transition state theory. Only 
a brief discussion will be given here (more detailed explanation, however, 
can be found in an advanced physical chemistry text book). 

Collision Theory . In a system consisting of molecules or atoms 
there is a natural tendency for them to take up positions such that the 
energy of the system is minimum. For the reaction, A + B -> C + D, for 
example (Figure 2.1.2), molecules A and B are at stable positions having 
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Figure 2.1.1. Plot of Arrhenius Equation for Hydrogenation of Ethylene. 




Source: Data of Wynkoop and Wilhelm, Chem. Eng. Prog. 46, 300(1950) 
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their minimum energy on the left hand side of the graph and molecules 
C and D are at their stable position on the right side of the graph. 
The path that leads from A+B to C+D is obstructed by a certain energy 
barrier E a . It is clear that unless the reactants A and B together 
possess an energy in excess of E a , they will not be able to overcome the 
energy barrier, i.e., they will not proceed to the thermodynamically 
stable level of the products C and D. In other words, at any temperature 
a collision between molecules which have a combined energy (activated 
molecules) greater than E a will lead to a chemical reaction. The con- 
cept of activated molecules and activation energy can be explained by 
the Boltzmann's distribution law based on a statistical approach to the 
problem. The exponential factor, exp[-E a /RT], may be taken to represent 
the fraction of all the molecules which have an energy of activation at 
least equal to E a . From this concept the conclusion is drawn that the 
rate of a reaction is proportional to exp[-E a /RT], 



reaction rate <= exp[-E,/RT] « k 

9 

k = A exp[-E a /RT] 
a 



[2.1.18] 



Transition State Theory . The transition state theory assumes that 
before a reaction takes place, reactants form an unstable intermediate 
compound called an "activated complex." The "activated complex" instan- 
taneously decomposes into the products. It is further assumed that an 
equilibrium exists between reactants and the complex. 

K* 



A+B? AB 



C + D 



[2.1.19] 



where 



K = equilibrium constant, 
AB* = activated complex. 



A plot of energy versus a reaction coordinate is presented in Figure 
2.1.3. 

The concentration of the complex, AB can be expressed in terms of 
the equilibrium constant as, 



k* - Cab * 
' C A C A 



C Bn * = K*C„C 



'AB 



A"B 



[2.1.20] 
[2.1.21] 



Also recall that the equilibrium constant is related to the free energy 
by the relationship 



AG* = -RT In K* 



[2.1.22] 
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Therefore, 

C AB* = C A C B exp[-AG*/RT] [2.1.23] 

The rate of the overall reaction at any given time is assumed to be 
equal to the product of C/\g* times a frequency factor. The frequency 
factor is proportional to the average velocity of the complex across 
the energy barrier divided by the length of the barrier, <5 , see Figure 
2.1.3. The frequency factor is equivalent to R T/ nN Avoqadro wnere n is 
Plank's constant, N/wogadro 1S Avogadro's Number. 



Therefore, 



RT - 

r AB " hN L AB* [2.1.24] 

= {jj C A C B exp[-AG*/RT] [2.1.25] 

= {jj C A C B exp[AS*/R]exp[-AH*/RT] [2.1 .26] 



Since, 



r *AB = kC A C B 

k « T exp[-AH*/RT] [2.1.27] 

If AH* Z E c i*» tnen this equation is equivalent to the Arrhenius 
equation, 1.1.13, except the proportional constant in the Arrhenius 
equation is not a function of temperature as is shown by this equation. 
This difference is, however, only of minor significance in actual reactions. 

In summary, collision theory depicts reaction rates to be determined 
by the number of energetic collisions between reactants. It disregards 
the existence of the unstable intermediate. Transition state theory, on 
the other hand, depicts the reaction rate to be governed by the rate of 
the decomposition of the intermediate, while the formation of the inter- 
mediate is assumed to be so rapid that it is always at equilibrium with 
reactants. The difference can be illustrated as below: 

(1) *(2) 
A + B - AB-* C + D [2.1.28] 

Collision theory views the first step to be slow and rate controlling, 
whereas transition state theory views the second step to be the rate 
controlling factor. In a sense, these two theories complement each 
other. 
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Figure 2.1.2. Energy Diagram of Simple Reaction A + B -+ C + D According 
to Collision Theory. 
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Figure 2.1.3. Diagram Illustrating Potential Energy Relationship Between 
Reactants, Activated State, and Products According to 
Transition State Theory. 
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The experimental activation energies are frequently used to dis- 
tinguish a chemical reaction from a physical process. Physical processes 
generally have low E a values, i.e., E a is generally <5 kcal . Chemical 
reactions normally have E a values between 10 and 25 kcal. 

The activation energy can sometimes be useful in determining the 
reaction mechanism. For example, a change in activation energy with 
temperature will indicate a shift has occurred in the controlling step 
of a complex reaction. For example, suppose a complex reaction involves 
two elementary steps and E a shifts from a low value to a high value with 
temperature (shown in Figure 2.1.4). These two steps should be in 
parallel because the rate is controlled by the faster step which has a 
large k value. On the other hand, if the E a value decreases with tem- 
perature, the two steps should be in series because the rate is con- 
trolled by the slower step which has a small k value. This conclusion 
is illustrated in Figure 2.1.4. 

From an engineering point of view, the activation energy provides 
useful kinetic information over a wide range of temperature. The rate 
of a reaction at a particular temperature can be calculated from the 
Arrhenius equation. Furthermore, the values of activation energies 
(reactions with high activation energies are very temperature sensitive, 
and vice versa) are important criteria in determining the optimal tem- 
perature for an operation, i.e., temperature influences both production 
rate and economics of the process. 
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Figure 2.1.4. Rate Constant Versus Reciprocal Temperature. 
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LEARNING ACTIVITY 2 

Learning Activity Objective 

After completing your study of this material you should be able to 
describe the function of a catalysis and be able to determine reaction 
order from reactor data. 

2.2.3 Catalyses 

A catalyst can be defined as a substance that influences the velocity 
of a reaction but is itself not a reagent in the overall chemical reaction. 
If the presence of a substance results in an increased reaction rate, 
then the substance is called a catalyst. However, if the substance causes 
a decrease in the reaction rate, then it is known as an inhibitor. The 
catalytic action can generally be classified as homogeneous catalysis 
and heterogeneous catalysis. 

In a homogeneous catalytic reaction the catalyst is uniformly dis- 
tributed throughout the system. The function of the catalyst is to 
decrease the activation energy of a given reaction, and thus to increase 
its rate, because more molecules will then have the required energy for 
reaction to occur. The mechanism for catalysis is thought to be achieved 
by the formation of a compound between the reactants and the catalyst. 
The compound then decomposes, thereby regenerating the catalyst and 
forming the reaction products. This process is illustrated below: 

For the reaction 

A + B > D [2.2.1] 

In the presence of a catalyst, C, the reaction steps may be 

A + B + C ■» ABC* [2.2.2] 

ABC* ■* D + C [2.2.3] 

An energy diagram for this sequence is shown in Figure 2.2.1. 

In a heterogeneous catalytic reaction the catalyst is not uniformly 
distributed throughout the system, but is present as a separate phase. 
The uses of solid catalysts for many gaseous reactions are commonly 
found. The catalytic effect is explained by a sequence of reactions. 
First the gaseous reactants are adsorbed on the surface of the catalyst, 
and then, after passing through a transition state, they form a compound 
with simultaneous desorption from the surface. 

2.2.4 Reaction Order from Batch Reactor Data 

Due to the complication of predicting the rate of reaction from 
theoretical considerations, the rate equation is usually determined 
from experimental measurements. The procedure normally used is to 
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Figure 2.2.1. A Schematic Energy Diagram for a Catalyzed Reaction. 
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measure the yield as a function of concentration and temperature. Experi- 
ments can be performed in either a batch or a continuous flow reactor. 
A batch reactor is simply a container into which the reactants are placed 
(at zero time) without further addition or removal of significant amount 
of material, i.e., concentration of a particular component is measured 
as a function of time. The batch reactor is usually operated i so- 
thermal ly and at constant volume. This makes the interpretation of the 
data much simpler. For a constant volume system the rate expression for 
the disappearance of reactant A is: 



For a reaction 



1 



dN, 



" r A " " V dt 



v A A ♦ v B B 



dC ; 
dT 



= f(k,C) 



product, the rate equation may be written as, 



[2.2.4] 



dC. n. n R 

*■ Mc 4 A )(c R B ) 



dt 



V"A 



"B 



[2.2.5] 



The simpliest experimental procedure is to investigate the effects of 
concentration A and concentration B individually. This can be accomplished 
by the isolation method, i.e., an excess amount of one of the components, 
such as component B, is used. Therefore, B will remain almost constant 
throughout the course of the reaction. The rate equation can then be 
written as, 



dt k L A 



[2.2.6] 



■B 



because Cg is a constant and becomes a part of the rate constant, k. 
There are several procedures for analyzing kinetic data, three will be 
discussed in this course, i.e., the differential method, the half-life 
time method, and the integral method. 

Differential Method of Analysis . We can rewrite equation [2.2.6] 
in the following form: 



dC. 
In (- ^) = In k + n In C A 



[2.2.7] 



The reaction order can be determined by the following simple procedure: 

1. Plot the concentration of specie A versus time. Draw in a 
smooth curve to fit the data. An illustration is given in 
Figure 2.2.2. 

2. Choose several concentrations and determine the slope for 
each concentration, i.e., the dC, 



'A ' 



dt 
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Figure 2.2.2. Procedure for Testing a Rate Equation by the Differential 
Method of Analysis. 
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dC. 
3. Plot the In (- -rr-) versus In (C«). For the simple case 

choosen for illustration (excess concentration of B) the 
plot will be a straight line. The slope of the plot will 
be the reaction order and the intercept will be In k. 

The disadvantage of the differential method is that a large body 
of experimental data is required and precision can easily be lost when 
determining slopes from non-linear curves. 

Half-Life Time, t-, /2 » Analysis. Half life is defined as the time 

required for the concentration of reactants to decrease to one-half the 
original value. This procedure can be illustrated by integrating 
equation [2.2.6]. 



2 dC 



The result is: 



■1/2 



C n 
L A 



A - -k 



dt 



[2.2.8] 



or 



t 2 n ~ 1 -l r l-n 

H/2 k(n-l) L Ao 



lnt l/2 = ln KTn^TT + ^ lnC Ao 



2.2.9] 



The half life depends on reaction order, n, and initial concentration, 
C« , examples are given below: 



t l/2 = ^T 1 (1st order) 
(2nd order) 



'1/2 kC 



Ao 



[2.2.10] 

[2.2.11] 



The reaction order can be determined from a set of data by plotting 
the logarithms of several initial concentrations versus the log of the 
corresponding half-life. The reaction order can be determined from the 
slope, i.e., slope = 1-n, see Figure 2.2.3. You should be aware that 
this method may give you a problem if the reaction order shifts with 
concentration. 
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Figure 2.2.3. Reaction Order from a Series of Half-Life Time Experiments, 
Each at a Different Initial Concentration of Reactant, 
(Equation 2.2.9). 
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Integral Method of Analysis . This method of analysis consists of 
assuming a particular rate equation applies, then test the data by 
graphically plotting the integrated form of the equation. If a straight 
line results, then the order can be determined. If a straight line does 
not fit the data, then another rate equation must be chosen and tested. 
Examples are discussed below: 

a. Irreversible zero order reactions . If a reaction, 

A -> products [2.2.12] 

is presumed to be a zero order reactant, its rate equation can be 
written as, 

dC. 
-dTT=k £2.2.13] 

and its integrated rate expression would be as follows, 

C A ■ C Ao -kt [2.2.14] 

The concentration of A at t = is C» . 

If a plot of concentration of C^ versus time is a straight line 
(as shown in Figure 2.2.4), then the slope can be used to determine the 
rate constant, i.e., slope = -k. 

b. First order reactants . If a unimolecular reaction, 

A -y product [2.2.15] 

is presumed to be a first order reaction, then its rate equation can 
be written as, 

dC. 

-HTT =kC A £2.2.16] 

and its integrated rate equation would be 

C A 
-lnA=kt [2.2.17] 

C Ao 

A plot of -In (C/\/Cao) versus time can be used to test the hypothesis 
(see Figure 2.2.5). 

c. Second order reactions . 

Case I. If a bimolecular reaction, 

2A ■* products [2.2.18] 

is presumed to be second order, then the rate expression can be 
written: ,_ 

-dTT=kC A 2 [2.2.19] 
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Figure 2.2.4. Graphical Test for a Zero Order Reaction (Equation 2.2.14). 
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Figure 2.2.5. Graphical Test for a First Order Reaction (Equation 2.2.17) 
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and its integrated form would be 



C A ~ C Ao 



+ kt 



[2.2.20] 



A linear relationship should be found between l/C/\ and time as shown in 
Figure 2.2.6 if the data is satisfied by the assumed rate equation. 



Case II. If a bimolecular reaction, 
A + B -> products 



[2.2.21] 



is presumed to be a second order overall reaction, then the differential 
and integral rate equations will be as follows: 



and 



dc A 

dt KU A L B 



C R C Rn 
In ^ = In t^° + (C„ - C.Jkt 
C A C Aq Bo Ao' 



[2.2.22] 



[2.2.23] 



If the reaction is as presumed, then a straight line will be found for 
a plot of C R versus time (Figure 2.2.7). 

'"# 

For the special case, when concentration of component B is large 
and does not change its concentration significantly during the reaction, 
the following relationships are valid: 



7^- = 1 and C„ -C. = C D „ 
Cg Bo Ao Bo 



[2.2.24] 



The reaction rate equation, therefore, is first order dependent on A: 

C Ao 
ln cf =C Bo kt C 2 - 2 - 25 ^ 

d. First order reversible reactions . Assume the reaction 

k l 
A : R [2.2.26] 

k 2 

is a first order reversible reaction with the equilibrium constant 
K, the rate equation is written as follows: 
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Figure 2.2.6. Graphical Test for the Bimolecular Mechanism, 2A - Product 
(Equation 2.2.20). 
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Tigure 2.2.7. Test for the Bimolecular Mechanism A + B ■* Product 
(Equation 2.2.23). 
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dC A 
dT 



: k l C A" k 2 C R 



[2.2.27] 



The first term on the right side of the equation is the rate of dis- 
appearance of component A. The second term on the right side of the 
rate equation is the rate of generation of component A due to the re- 
verse reaction. The integrated rate expression can be derived (see if 
you can do this derivation. A hint is that the equilibrium constant is 
k. 



K = 



'1 



N : 



-In 



C A " C Aeq _ 
C Ao" C Aeq 



kl (l + l)t 



[2.2.28] 



where 



C. = equilibrium concentration of component A, 

k, ,ky = specific rate constant for forward and back- 
ward reaction, respectively, 

K = equilibrium constant = C R eq / c /\ eq = k i/ k 2 [2.2.29] 

A plot of the In term versus t will yield a straight line if this rate 
equation fits the data, see Figure 2.2.8. For the special case when 
the equilibrium constant is large, i.e., k2/k-| is small, the rate equation, 
Equation [2.2.28], can be simplified to (same as a first order irreversible 
rate equation): 



-In 



'A 



= kt 



'Ao 



= 0. Equation 2.2.30 is actually the rate 
equation for an irreversible first order reaction. 



[2.2.30] 



because 1 + -jt = 1 and C. 



Although the above discussion is only for elementary reactions, it 
is worth examining reaction reversibility from a thermodynamic point of 
view. If the reversibility is defined as a ratio of specific rate con- 
stants between forward and reverse reactions, k2/k-| , a large value will 
indicate that the reaction is highly reversible. According to Equation 
2.2.29 reversibility can be predicted from thermodynamic data, 



k 2 /k ] = 1/K = exp[+AG°/RT] 



[2.2.31] 



where aG° = Gibbs free energy of reaction. In other words, for a highly 
favorable reaction, aG° << 0, k2/lq becomes very small, and the reaction 
may be irreversible. However, the reaction reversibility depends not 
only on the Gibbs free energy but also on the reaction temperature. A 
comparison between the reversibility of a pyrometallurgical reaction and 
that of a hydrometallurgical reaction as a function of Gibbs free energy 
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Figure 2.2.8. Graphical Test for a First Order Reversible Reaction 
(Equation 2.2.28). 
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of reaction is shown in Table 2.2.1; the temperature of the reaction is 
assumed to be 1500°K for the pyrometallurgical reaction and 300°K for 
the hydrometallurgical reaction. 



TABLE 2.2.1 
Reaction Reversibility at 1500 and 300°K 

Reversibility k 2 /k-j A6°/ 1500 o K xkcal/mole AG°, 3 Q o K }kcal/mole 

0.1 -6.86 -1.37 

0.01 -13.73 -2.75 

0.001 -20.56 -4.12 



These results indicate that for the hydrometallurgical reaction, the 
reversible reaction can probably be neglected when the free energy of 
reaction is less than -3 kcal/mole. This observation suggests that 
most of the hydrometallurgical processes may be irreversible, exceptions 
to this are the reversible solvent extraction and ion exchange reactions. 

2.2.5 Suggested Reading 

1. 0. Levenspiel , Chemical Reaction Engineering , 2nd ed., John Wiley and 
Sons, New York, Cap. 2 (1972). 

2. J. M. Smith, Chemical Engineering Kinetics , 2nd ed., McGraw-Hill, 
Chap. 2 ( 1 97 07: 



2.2.15 



Hydrometal lurgy Heterogeneous Kinetics 

LEARNING ACTIVITY 3 

2.3 Heterogeneous Kinetics 

Learning Activity Objective 

After completing this learning activity you should be able to 
describe the reaction sequence in a heterogeneous reaction, to describe 
the concept of rate controlling step, to formulate rate equations for 
surface chemical reactions and for mass transport reactions, and to 
interpret the kinetic data for a simple surface geometry. 

The term, heterogeneous, is used here in the special sense in 
which the reactants come from different phases and then meet and react 
at a common phase boundary. The reaction will continue until the bulk 
chemical potentials are equalized. The rate of the reaction will not 
only depend on the chemical reaction but also on the mixing processes 
within phases. In addition, the rate will also depend on the area of 
the reactive surface, which may change during the cause of reaction. 
These conditions represent complicating features not found in homogeneous 
reactions. Unfortunately, most of the hydrometal lurgical processes are 
heterogeneous. 

2.3.1 Reaction Steps and the Rate Controlling Step 

Heterogeneous reactions always involve the following consecutive 
processes: (1) mass transport of reactants from a bulk phase to the 
reaction interface, (2) chemical reaction at the interface, and (3) 
mass transport of products away from the interface. The types of 
processes found in each of these stages are listed in Table 2.3.1. 
The interfacial chemical reaction may proceed by a complex reaction 
mechanism and be thought of as a homogeneous reaction involving a number 
of separate steps. While several of the above steps must take place 
in series, it is possible for one of them to be considerably slower than 
the others. The rate of the slow step will then be essentially the rate 
of the whole reaction. 



TABLE 2.3.1 
Possible Rate Controlling Processes in Heterogeneous Reactions 

I. Mass Transport of Reactants to or from the Reaction Interface 

A. Diffusion through a Solid Reaction Product 

1. solid state diffusion 

2. fluid diffusion through pores 

B. Mass Transport in a Fluid Phase Adjacent to the Interface 

1. diffusion in stagnant liquid or gas 

2. convective diffusion in liquid or gas 

II. Interfacial Chemical Reactions 

A. Adsorption Reaction 

B. Chemical Reaction 

C. Electrodic Reaction 
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It is necessary to consider each reaction step separately and to 
estimate the maximum possible rate, that is, the rate which would be 
observed when a maximum concentration or concentration gradient exists 
in the particular step and all preceding and succeeding steps were in 
equilibrium. The step with the slowest maximum rate will be the rate 
limiting step. For instance when a reaction at the interface is the 
slowest, the chemical potentials, i.e., concentrations are practically 
uniform throughout each bulk phase, but change sharply at the interface. 
This analysis, however, does not apply to a mixed-kinetic controlled 
mechanism. More discussion of this will be presented later in this 
learning activity. 



[n order to simplify the discussion, the surface chemical reaction 
is assumed to be irreversible. This is a reasonable assumption for 
many hydrometallurgical reactions (discussed in the previous learning 
activity). If this is the case, the surface equilibrium concentration 
of reactants will be negligibly small, and step (3), transport of products 
away from the interface, probably will not be a rate limiting step. 

Rate equations for each reaction step will be discussed individually 
in the following sections. 

2.3.2 Transport Within Phases 

Transport of reactants from the bulk phase to the phase boundary 
is accomplished by diffusion in solids and by diffusion and convective 
transport in fluids. Diffusion is faster in fluids than in solids and 
convective transport in fluids is far more rapid than diffusion. It is, 
therefore, to be expected that diffusion in the fluid will not be the 
controlling step if a solid reactant or product is present in the process. 

Diffusion in Solids . The rate of any diffusion process can be 
described by Fick's first law. This law states that the rate of material 
transport is proportional to the concentration gradient, i.e., 

dC. 

J fl = -D fl -^r [2.3.1] 



where 



'A "A dx 



j. = molar flux of species A, usually in moles/cm -sec; 
(+) sign is used to indicate diffusion away from 
the interface, 

C A = concentration of species A in moles/cm , 

x = distance x away from the interface, 

D» = diffusion coefficient of species A in solid, 
liquid, or gas phase. 
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Example values of diffusion coefficients are presented in Tables 2.3.2 
and 2.3.3, e.g., molecular diffusion in gases, liquid and solids, and 
ionic diffusion in water, respectively. 

When applying the Fick's law, strictly speaking, the driving force 
is not a concentration difference but a chemical potential difference. 
Thus, it may be necessary to correct the concentration by including the 
activity coefficient. 

TABLE 2.3.2. Diffusivities of Some Gases, Liquids and Solids 



Gases 



Liquids 



Solids 



System 


Temperature, °C 


2 
D cm /sec. 


H 2 in N 2 


25 


0.26 


H 2 in CH 4 


25 


0.73 


H 2 in °2 


25 


0.70 




C0 2 in N 2 





0.144 


Ethanol in water 


25 


1.13xl0' 5 


Water in butanol 


30 


1.24xl0" 5 


Ag in Silver melt 


1060 


3.22xl0" 5 


Cu in Cu 2 S melt 


1160 


7. 49x1 0" 5 


C in 3.5% iron melt 


1550 


6.0xl0" 5 


Bi in Pb 


20 


l.lxlO" 16 


Hg in Pb 


20 


2.5xl0" 15 


Al in Cu 


20 


1.3X10" 30 


Cd in Cu 


20 


2.7x10 


-15 



As illustrated in Tables 2.3.2 and 2.3.3, solid-state diffusion is 
the slowest type process. Diffusion is achieved by movements of indi- 
vidual atoms, molecules, ions, electrons or vacancies. To apply Fick's 
first law, a steady-state condition is assumed, that is, the concen- 
tration gradient is constant. A steady-state condition can be achieved 
immediately for a fast diffusion process, such as liquid or gaseous dif- 
fusion, but for Slow processes, i.e., solid-state diffusion, sometimes 
steady state conditions may not be established. Fick's second law is 
used for the nonsteady- state diffusion condition, i.e., 
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TABLE 2.3.3. Diffusion Coefficients of Ions in Aqueous Solution 

D A ° D A ° 

(10' 6 cm 2 /sec) (10~ 6 cm 2 /sec) 

0°C 18°C 25°C Anion 0°C 18°C 25°C 

56-1 81-7 93-1 OH" 25-6 44-9 52-7 

4-72 8-09 10-3 F" 12-1 14-6 

6-27 11-3 13-3 CI" 10-1 17-1 20-3 

9-86 16-7 19-6 Br" 10-5 17-6 20-1 

10-6 17-6 20-6 I" 10-3 17-2 20-0 

10-6 17-7 20-7 I0 3 " 5-05 8-79 10-6 

9-80 16-8 19-8 HS" 9-75 14-8 17-3 

8-50 14-0 16-6 S 2 " 6-95 

10-6 17-0 20-1 HSO4" 13-3 

8-30 S0 4 2- 5-00 8-90 10-7 

8.54 se0 4 2- 4-14 8-45 9-46 

3-64 5-85 NO2- 15-3 19-1 

3-56 5-94 7-05 NO3- 9-78 16-1 19-0 

3-73 6-73 7-93 HCOV 11-8 

3-72 6-70 7-94 C0 3 2- 4-39 7-80 9-55 

4-04 7-13 8-48 H2PO4- 7-15 8-46 

4-02 7-45 8-89 HPO4*- 7-34 

3-05 5-75 6-88 HP 4 3- 6-12 

3-41 5-82 7-19 H2ASO4- 9-05 

3-41 5-72 6-99 H2SDO4- 8-25 

3-11 5-81 6-79 Cr04 2 " 5-12 9-36 11-2 

3-41 5-88 7-33 Mo04 2_ 9-91 

3-35 6-13 7-15 W0 4 2~ 4-27 7-67 9-23 

3-41 6-03 7-17 

4-56 7-95 9-45 

4 .26 

5.74 

2-60 5-50 

2-76 5-14 6-17 
5.82 

3-90 5-94 

5 .28 6-07 

2-36 3-46 5-59 
1.53 
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dt 



A 



= D 



A 



A . 2 



[2.3.2] 



This equation is actually the continuity equation where the term on the 
left hand side of equation represents the rate of mass accumulation in 
an elementary volume, while the term on the right represents the dif- 
ference between the rate of mass diffusion into and out of that elementary 
volume. The equation is useful only in integrated form, but the inte- 
gration is dependent on the sample geometry, and the initial and boundary 
conditions. Several methods can be used for integration, e.g., separation 
of variables, numerical integration, or by Laplace transformation, etc. (2) 



Another diffusion process in solids is pore diffusion . Pore diffusion 
is actually a diffusion process within a fluid phase, i.e., that phase 
present in the tortuous passages in a porous solid. This is illustrated 
in Figure 2.3.1. Pore diffusion is slower than diffusion in a bulk fluid. 
It is, however, a much faster process than solid-state diffusion. Pore 
diffusion has been shown to be important in many fluid-solid reactions, 
e.g., solid-catalyzed gaseous reactions, direct gaseous reduction of 
oxide minerals, leaching of porous minerals, etc. 



Figure 2.3.1 Spherical Porous Particle. 




porous 
solid 



stream with 
fluid reactant 




The magnified version of inset is on the right which indicates the dif- 
fusion of fluid reactant through the pores. 
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Solid porosity may result from the natural porosity of the rock 
types, e.g., sandstone; from chemical fracturing, e.g., removal of metal 
values by leaching thereby leaving behind a porous gangue mineral, or 
from thermal decomposition, e.g., calcination of limestone, etc. 

Fick's first and second laws can be applied to the pore diffusion 
process. However, the diffusion coefficient has to be modified to ac- 
count for the blockage of the solid and the tortuosity of the path, as 

D eff ■ D f e/t [2.3.3] 

where D — = effective diffusitivity of species A in a 

porous solid, 

D f = diffusitivity of diffusion of A in the 
fluid phase, 

e = porosity of sol id, 

t = tortuosity, normally having a value of 2. 

Diffusion and Convection in Fluid Phases . Diffusion in liquids or 
gases is essentially the same process as solid-state diffusion and can 
be described by Fick's law. Diffusion in fluids is much more rapid than 
in solids; see Tables 2.3.2 and 2.3.3. Convective transport rather than 
diffusion is usually a more important transfer process in fluids, i.e., 
since fluids cannot sustain shear forces, bulk movements of macrogroups 
of molecules become possible. Therefore, a simple stirrer system can 
produce sufficient shear forces to promote effective mixing of fluids. 

The total flux of material in a direction, x, is therefore, obtained 
by combining the diffusion and convective processes. Mathematically, 
this is represented as below: 

j = -Df + U x C [2.3.4] 

where U is the component of fluid velocity in the x direction. 

A 

A practical example of a heterogeneous reaction is a fluid-solid 
reaction in which the fluid is moving past a solid surface. If we as- 
sume zero velocity for the fluid moving at the surface of the solid, 
then mass transfer from the fluid to the solid surface will be governed 
by the diffusion process: 

h - " D A srL • £ 2 - 3 - 5 ] 

It is rather difficult to measure the concentration gradient at the solid- 
fluid interface. A "film theory" has been used quite successfully on a 
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wide variety of situations. This model assumes that near the surface 
of the solid there exits a slowly moving film through which only dif- 
fusion occurs. This film is sometimes referred to as stagnant film or 
mass transfer boundary layer. Outside the film will be a well-mixed 
fluid in which concentration gradients are negligible. A schematic 
diagram is presented to illustrate this model in Figure 2.3.2. It is 
further assumed that the concentration gradient is constant within the 
film. The mass transfer from the fluid phase to the solid surface, 
under the above assumed conditions is 



'Alb± 



- C 



where 



"J"a = D A 



'A(b), L A(o) 



A[°l = 



k m (C A(b) 



' ^(o)* 



[2.3.6] 



= concentration of A in the fluid bulk 
phase and at the solid-fluid inter- 
face, respectively (moles/cm^), 



6 = thickness of mass transfer boundary 
layer (cm), 

k = mass transfer coefficient = 
m 



" J A = 



D A /6 (cm/sec), 

negative sign represents mass transfer 
rate from bulk phase to the interface. 



The thickness of mass transfer boundary layer will depend on the degree 
of stirring, i.e., the velocity of the fluid. Stirring reduces the film 
thickness, resulting in a faster mass transfer. However, the thickness 
can only be reduced to a minimum value (usually in the order of 1 x 1Q~* 
cm). 



Several empirical correlations can be used to estimate the mass 
transfer coefficients, k . Sone of these correlations are listed on 
Table 2.3.4. 



m 



TABLE 2.3.4. Correlations for Mass Transfer Coefficient 

I. Flow over a flat plate. 

A. km -|g C - local mass transfer coefficient at position x away from 
the leading edge, 

k m,T 



■ 0.332 {£) &-) 



J k 



1/2 v 

•o, 



'A 



[2.3.7] 
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B. k = average k from leading edge to distance L 



k L 
m.ave 



II. Flow over a sphere. 



VI 1/2 v 1/3 
0.664 (f) (J-) 

M 



[2.3.8] 



J^ = 2.0 + 0.60 (f-) ' (J-) 



1/2 rv 

vn 
A 



III. Mass transfer to a rotating disc-laminar flow. 



k m 



- n co n 2 /3 -1/6 1/2 
= 0.62 0. v u 



Notation: 

k_ ■ mass transfer coefficient (cm/sec), 



m 

X 



[2.3.9] 



[2.3.10] 



position at a distance x away from the leading edge, 
(cm), 



D. = diffusion coefficient (cm /sec), 



= approaching velocity of the fluid (cm/sec), 



v = kinematic viscosity of the fluid (cm /sec), 

L = position at a distance L away from the leading edge, 
(cm), 

d = diameter of the sphere (cm), 

a) = stirrer velocity (rad/sec). 



Example 1 . 

The cementation reaction of copper with zinc metal from a dilute 
sulfate solution can be written as, 



Zn + Cu 2+ = Zn 2+ + Cu° 



[2.3.11] 



2+ 



The mass transfer coefficient k m of Cu to the Zn rotating disc at 800 
rpm at room temperature can be estimated by Equation 2.3.10. 
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(Levich Equation) as, 



Parameters: 
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Viscosity of aqueous solution = 0.89 cp 

Kinematic viscosity of aqueous solution = 0.0089 cm/sec 

Diffusivity of Cu 2 + reported in the literature = 7.3 x 

10" 6 cm 2 /sec 
Stirrer velocity a 



800 



xi min 



rev 



min 60 sec 



x 2tt 



rad = 83.78 rad/sec. 



rev 



therefore, 

k = (0.62)(7.3xl0" 6 ) 2/3 (0.0089)" 1/6 (83.78) 1/2 



m 



= 4.69x10 cm/sec. 

The mass transfer coefficient for the same system was measured to be 
5.79xl0~3 cm/ sec which is in the same order of magnitude to what is estimated. 



Electrode reactions are important in several hydrometallurgical 
processes, e.g., electrowinning, cementation. In these processes dif- 
fusion may be the rate limiting step. A general treatment of these 
processes is inappropriate for this course because of their complexity 
(see reference 3 if you want to do more reading on this subject). In 
this course, we will consider only the electrowinning of copper as an 
example system. 

Copper is deposited by the following reactions at the cathode. 
2+ 



Cu 



(aq) 



+ 2e •> Cu 



(s) 



[2.3.12] 



2+ 



Mass transport of Cu from the electrolyte to the electrode surface 
and the discharge reaction of the copper ions must occur. The mass flux 
from the solution to the solid surface in an electrode process is com- 
posed of a diffusion term and a migration term: 



"W + = D Cu 2+ 



3C- 2+ 
Cu 

Dx 



1 w + 



[2.3.13] 



where 



2+ 
-j c 2+ = mass flux of Cu from electrolyte to 

electrode (mole Cu 2+ /cm 2 «sec), 

i = current density, + sign for anodic reaction 
and - sign for cathodic reaction, (amp/cm2), 



z r 2+ 

Cu 



= charge number of Cu 



2+ 



i.e., 2, 



. . . 
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F = Faraday constant, 

x = distance from the electrode surface into the 
electrolyte (cm), 

2+ 

t c 2+ = transport number of Cu . 

The migration term can normally be neglected in a high concentration 
field of supporting electrolyte. This assumption can be made for most 
hydrometallurgical processes. Therefore, equation 2.3.13 can be sim- 
plified to, 

C r 2+,. x - C r 2+/ x 
-J Cu 2 + = D Cu 2 + Cu < b > 6 CU (°) [2.3.14] 



where 



2+ . 
in 



',~ 2+,. ■, C r 2+/„v = concentration of Cu i 
Cu (b), Cu (o) bulk electrolyte and at 



electrode surface, ., 
respectively (moles/cm ), 

& = thickness of mass transfer 
boundary layer (cm). 

The molar flux is related to the current density through the Faraday 
constant. (3) Equation 2.3.14 therefore becomes: 

Cr 2+/. x - C r 2+/ v ivr- 2+ 

_i 2 + = D 2+ - Cu ( b ) Cu (°) = ^_ \Z 3 151 

J CiT u Cu^ 6 nF L^-J-i3J 



where 

2+ 
v_ 2+ = stoichiometric coefficient of Cu 

Lu 2.3.12, vCu 2+ = -1, 



from equation 



n = number of electrons involved in equation 2.3.12, 
n = 2. 

(Note that in equation 2.3.15 the current density must be negative to be 
consistent with equation 2.3.12, i.e., cathodic reduction of cupric 
ions to copper metal, [note anodic current density has + sign, cathodic 
current density has - sign]). Equation 2.3.15 can be rewritten in 
terms of cathodic current density: 

nfD r 2+ 
- i= -X-( C Cu 2+ (b)- C Cu 2+ (o)) £2.3.16] 

The values of concentration gradient and the surface concentration are de- 
termined by the cathodic current density. There is a maximum value for 
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Figure 2.3.2. Film Model for Mass Transfer. 
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'A(b) 



Distance, x 
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2+ 
cathodic current density, -i^.Cu , at which the cupric ion concentration 

at electrode surface is completely depleted (C c 2+, o \ = 0). This current 

density is called the limiting diffusion density, i.e., the maximum rate 
at which a metal ion can be discharged at a cathode (see Figure 2.3.3). 

nFD f 2+ 
-W + = — T- C Cu 2+ (b) £2.3.17] 

The reaction will occur no faster than the value determined by this 
limiting current density, unless another electrode reaction also takes 
place. By combining Equations 2.3.16 and 2.3.17, we obtain 

^4^ =1 - M H) 2+) C2.3.183 

W (b) ( VOi } 

The potential required to generate the current in the diffusion 
process is defined as diffusion over voltage 

M =E (o) " E (b) C2.3. 19] 

where E, » a potential in volts at the electrode surface when cur- 
rent flows, 

E,,» = potential in volts at the electrode surface when no 
current flows. 

The potential at the electrode surface will depend on the surface con- 
centration, C r 2+, ., according to Nernst equation. For the copper 

reaction, Cu 2+ + 2e -»■ Cu°, 

E <°> = E ° - 3 ,n ^fe [ "- 20] 

and 

Note that C,. 2+, > = C r 2+/. % when there is no current flow. By com- 
bining Equations 2.3.20 and 2.3.21, the overvoltage can be written as: 

Cu (b) 
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Figure 2.3.3. 



Concentration Distribution within a Diffusion Layer of 
Thickness 6 (limiting current "dash-dot" line). 



electrode diffusion layer 



'A(b) 




If C- 2+/.j\ < Cp 2+,. %, n d will be negative indicating a cathodic over 

voltage. The overvoltage-current relationship can be determined by 
combining Equations 2.3.18 and 2.3.22, 



n^ - 



RT 

nF 



In (1 - 



, H) v 
Hd.Cu 2 ^ 



) 



[2.3.23] 



Figure 2.3.4 illustrates a current vs. voltage plot in the cathodic 
region for a pure diffusion process for the electrode reaction Cu2 + 
2e ■* Cu°(s). It can be seen clearly that no matter how great an 
applied voltage, the current (or rate of copper deposition) will not 
be increased beyond that represented by the limiting current. 



(aq) 



Example 2. 

Suppose we want to use a conventional electrowinning cell to deposit 
copper from a solution containing 40 g/1 Cu^ + with an excess of inert 
ions. The maximum current density according to Equation 2.3.17 can be 
calculated as 
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Figure 2.3.4. Overvoltage-Current Relationship. 
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i , is the limiting current density for Cu ). 
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"FD Cu 2+ 
n d,Cu 2+ " 6 C Cu 2+ (b) 
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[2.3.17] 



Parameters: 

n = no. of electron involved in Equation 2.3.12 = 2, 
F = Faraday constant = 96500 coul/equivalent, 
Dp 2+ = diffusivity of copper = 7.3 x 10" cm /sec, 

C r 2+ = copper concentration in bulk phase = 6.30 x 10" mole 



'Cu 



Cu 2+ /cc, 

6 = mass transfer boundary layer thickness = 0.03 cm for 
a non-agitated conventional electrolytic cell. 



Therefore, 



,-• 



i H .2+ = limiting current density = -2 x 96500 x 7.3 x 10 
a ' tu x 6.30 x 10" 4 /0.03 = -29.6 mA/cm 2 , or, -27.5 A/sq.ft. 

(note: negative sign represents cathodic current density) 

In terms of molar flux, according to Equation 2.3.15, we have 

-7 2+ 2 

j = -1.53 x 10 mole Cu deposited/cm -sec. 



In practice, when the current density is run near the limiting cur- 
rent density, the copper cathode becomes unacceptable rough, powdery, and 
impure. Also, hydrogen ions are discharged causing a decrease in cur- 
rent efficiency. As a result, in conventional operations, copper is 
electrowon at current densities ranging from 15 to 25 A/sq.ft. Low cur- 
rent densities usually require large capital investments. 

The limiting current for metal ion discharge cannot be increased by 
increasing the cell potential. However, it can be improved by decreasing 
the diffusion layer thickness (according to Equation 2.3.17). Several 
attempts have been made in this direction by agitating or by injecting 
the inlet fluid in the cell. (4) 

2.3.3 Kinetics of Adsorption Reactions 

The kinetics of adsorption reactions are unique in heterogeneous 
reactions. The process applies to the situation when surface blockage 
occurs due to the adsorption (normally chemi sorption) of reactants, 
products or intermediates on the reaction interface. The rate of 
adsorption depends on a) the concentration of adsorbate in the bulk 
phase, b) the activation energy of the adsorption process, and c) the 
fraction of surface that is occupied. The following relationship applies, 
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where 



r = gC (1-6) exp (-E/RT) 

a a 



Heterogeneous Kinetics 



[2.3.24] 



C is the concentration of adsorbate, 

is the fraction of surface site being occupied, 

g is a proportionality constant, and 

E is the activation energy (which depends on the activity 
of the surface site) . 

Two postulates have been proposed based on the above equation. If the 
activity of the surface is uniform, i.e., a constant activation energy; 
with respect to surface coverage, then the Lagmuir equation is valid, 



r A =k 



c (i-e) 



[2.3.25] 



However, the Lagmuir equation does not usually agree with experimental 
data. Observed rates decrease rapidly with increasing coverage e. This 
variation may be caused by surface heterogeneity; that is, the activity 
of the sites varies, so that different sites possess different values of 
E a . The most active sites have the lowest activation energy and would be 
occupied first. In other words, the activation energy of adsorption varies 



with the surface coverage, 
of 8, i.e. , 



Therefore, E a in equation 2.3.24 is a function 



r A = 0C (1-6) exp [-E a (9)/RT] 



[2.3.26] 



In many cases of chemi sorption the variation in the rate with sur- 
face coverage is accounted for entirely in the exponential term, i.e., 
(l-o) is a weaker function. This simplification leads to the result 
(for constant temperature) 



r A = eC exp (- Y e) 



[2.3.27] 



commonly known as the Elovich equation. (This equation can be derived 

from Equation 2.3.24 by assuming E, is a linear function of 6.) 

a 
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LEARNING ACTIVITY 4 

Learning Activity Objective 

The material presented as Learning Activity 4 is a continuation of 
the subject on heterogeneous kinetics. Refer back to Learning Activity 
3 for objectives. The topics in this Learning Activity continues the 
discussion of individual steps in a reaction sequence. 

2.3.4 Reaction at the Interface 

Mass transport to and from the reaction interface is only part of 
the overall heterogeneous reaction mechanism. Chemical reaction at the 
interface is also a necessary part. The process can be simple, e.g., 
exchanging ions or can also be complicated, e.g., leaching of sulfide 
minerals. Surface reactions must obey the same principles of homogeneous 
reactions discussed earlier. The driving force for the reaction is the 
difference in free energy between the initial and final states. Reactants 
require sufficient potential energy to overcome the reaction barrier. The 
rate of the reaction, in moles per unit area per unit time, according to 
the law of mass action, depends on the reactant concentrations adjacent to 
the reaction interface. 

Assume we have the following heterogeneous reaction occurring between 
species A in phase I and species B in phase II: 

V A A (I) + V B B (II) * P roduct [2.4.1] 

the rate of the irreversible reaction can be written as, 

-r A = 8 exp t-E a /RT] C A( J* C^J" [2.4.2] 

° r - kC A(I) C B(II) U A -V 

where -r. = rate of disappearance of A; moles/unit area -time 

B = frequency factor 
E = activation energy 

k = specific rate constant 

C./.v, C r /jj, = concentration near the reaction interface of species 
1 ' ( J in phase I and species B in phase II, respectively. 

For a fluid-solid reaction such as, 
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v A A (l) + v B B (s) 



product 



[2.4.3] 



the rate dependence of the concentration in the solid phase is sometimes 
lumped into the rate constant, 



r A =k 



'A(l) 



[2.4.4] 



the value of k contains not only the specific rate constant and necessary 
conversion factor to keep units consistent but also the concentration of 
potentially reactive surface sites. (5) As a result, even with the area 
of the solid exposed, leaching of a high grade ore should occur at a 
faster rate than leaching of a low grade ore. 



2.3.5 Electrode Kinetics 



(3) 



An electrode process is an electrochemical reaction taking place at 
an interface of an electrode and an electrolyte. It is often encountered 
in the hydrometallurgical processes such as leaching, cementation, electro- 
winning, electrolytic refining, hydrogen reduction, etc. Consider the 
refining of copper for example, ihere are two electrode reactions that 
occur in the electrolytic cell. At the anode surface, copper dissolves 
in aqueous solution producing cupric ion according to the following reaction, 



At the 
cathod 



Cu, > •+ Cu 2+ + 2e 



[2.4.5] 
same time, metallic copper is recovered from the solution on the 



Cu 2+ + 2e - Cu 



(s) 



[2.4.5] 



detailed discussion on the kinetics of an electrode reaction can 
be found in Reference 3, and only a brief summary will be given here. 

Consider a simple metal-ion electrode reaction, 



Me z+ + ze: 



Me 



[2.4.7] 



The cathodic reaction representing the deposition of metal is the reaction 
that proceeds to the right. The anodic reaction representing the dis- 
solution of metal proceeds to the left. When there is no net current 
across the electrode, there exists a dynamic equilibrium between the 
cathodic current and the anodic current (illustrated in Figure 2.4.1): 



net 



= 1 ♦ i c = 



[2.4.8] 
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= h 



= i 



[2.4.9] 



where i a , i c , and i = anodic, cathodic and exchange current density, 
respectively. The anodic current density and cathodic current density are 
equal in value but opposite sign. The absolute value of each current 
density is called the exchange current density (i )- At equilibrium, the 
reaction also has an equilibrium potential, E (which is usually represented 
on the standard hydrogen electrode (SHE) scale). The value of E for a 
reaction can be calculated directly from thermodynamic data. For instance, 
the equilibrium potential for Cu2 + /Cu0 electrode (normal standard state) is 
0.34 v (SHE). 

When a voltage greater than E is applied to the electrode, the 
equilibrium will be disturbed. The voltage will enhance the anodic re- 
action and hinder the cathodic reaction as illustrated in Figure 2.4.1. 
In Figure 2.4.1 the length of the arrow represents a measure of the magni- 
tude of the current density. The difference between the applied voltage 
and the equilibrium potential is often called charge transfer overvoltage, 



n = E - E, 



12.4. 10] 



n = charge transfer overvoltage, +ve for anodic 
overvoltage, -ve for cathodic overvoltage 

E, E = applied and equilibrium potential, respectively. 

On the other hand, if the applied voltage is less than the equilibrium 
potential, i.e., n<0, the anodic reaction will be hindered and the 
cathodic reaction will be accelerated. 

From Figure 2.4.1, the rate of an electrode reaction is not only 
influenced by the activation energy and the reactant concentrations (that 
usually accounts for an ordinary heterogeneous reaction), but is also 
dependent on the charge transfer overvoltage. The overvoltage, in terms 
of potential energy (equals zFti, where z is the charge of the metal ion, 
and F is the Faraday constant) will influence the rate of an electrode 
reaction in an exponential manner as the activation energy does. How- 
ever, not total but only a fraction of potential energy of aZnF, will 
enhance (assume n to be positive) the anodic reaction, and a fraction of 
potential energy of (l-a)znF will hinder the cathodic reaction. The 
current densities for cathodic reaction and anodic reaction for Equation 
2.4.7 can be represented as: 



i a - nFk a C Me exp [azFn/RT] = nFk a C Me exp [ a zF(E-E Q )/RT] [2.4.11] 



or = nFk a c Me ex P [azEF/RT] 



[2.4.12] 



and 
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or 



where 



C Me' 



i c = nFk c C Me z+ exp [-(1- )zFti/RT] 

= nFk c ' C Me z+ exp [-(l-a)zF(E-E )/RT [2.4.13] 

= -nFk c C Me z+ exp [-(l-a)zFE/RT] [2.4.14] 

a = transfer coefficient, normally between 0.35 and 0.75 
n = no. of electron involves in the reaction 



k , k^ = rate constants in the anodic reaction 
a a 

k , k = rate constants in the cathodic reaction 

C„ z+ = concentration of metal in the electrode and concentration 
of metal ions in the electrolyte, respectively. 



The net current density under a potential of E will be, 



Equati 



i , = i + i 
net a c 

= nF(k a C Me exp[azFE/RT]-k c C Me z+ exp[-(l-a)zFE/RT] ) [2.4.15] 

= i Q (exp [azFn/RT]-exp[-(l-a)zFn/RT]) [2.4.16] 

on 2.4.15 is known as Bui tier- Vol mer equation. 



For a large anodic overvoltage, i.e., n>>RT/zF, the 2nd term of 
Equation 2.4.16 becomes very small, and the net current density will be 
solely determined by the anodic current density and anodic overvoltage. 
As a result, a linear relationship between n and log i can be found as, 



where 



n = a + b log i 
-2.303RT 



a = 



b = 



SzF " 1o 9 \ 



2.303RT 
azF 



(anodic Tafel slope) 



[2.4.17] 

[2.4.18] 
[2.4.19] 



And for a large cathodic overvoltage, n«-RT/nF, the first term of 
Equation 2.4.16 can be neglected, and results in the following equation, 
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n = c + d log i 
2.303RT 



c = 



d = 



w^w log \ 



-2.303RT 



(l-a)zF 



(cathodic Tafel slope) 



[2.4.20] 
[2.4.21] 

[2.4.22] 



Equations 2.4.17 and 2.4.22 are known as Tafel equations. The straight 
lines that result from a plot of n vs. log i are Tafel lines. Extra- 
polating these two lines to n=0 yields the current density that is the 
exchange current density i . 

Figure 2.4.1. Charge Transfer Polarization for the Reaction Me = Me + ze 
Under the Condition of Anodic or Cathodic Overvoltage. 
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W. Lorenz 
electrode: 



(6) 
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has studied the charge transfer reaction of a cadmium 



Ca 2+ + 2e 



Cd 



[2.4.23] 



He used the galvanostatic method to determine for the current-dependence 
of the charge transfer overvoltage. The experiment was designed to measure 
the overvoltage versus log i at 20°C. The concentration of cadmium ions 
in the solution was 0.01 N. The results for both anodic overvoltage and 
cathodic overvoltage are shown in Figure 2.4.2. A linear Tafel relation- 
ship can be found in both regions of high anodic overvoltage and cathodic 
overvoltage. By extrapolating two Tafel lines to ri=0 leads to the same 
value of exchange current density of 1.5 ma/cm 2 . The anodic Tafel slope 
and the cathodic Tafel slope were found to be +0.53 and -0.65 mv/decade, 
respectively. By substituting these two Tafel slopes into the corresponding 
equations (Equations 2.4.19 and 2.4.22) yields an a value of 0.55. 



Figure 2.4.2. 



Galvanostatic Measurements of the Charge-Transfer Over- 
voltage n and Current Density for a Cd Electrode in 
0.001 N Cd 2+ + 0.8 N K 2 S0 4 at 20°C. 



-i 






Q. 

I 



O 



-3 



-4 



I -Q=0.45 



Q=0.55 




-L 



I 



-O.IO 



-0.05 



0.05 



o.io 



Overvoltage, tj 



2.4.6 



Hydr (Metallurgy Heterogeneous Kinetics 

Gathering all the information, the Butler-Volmer equation for the cadmium 
deposition and dissolution at 20°C (^ca2+ = °- 01 N ) can be obtained: 

i - 1.5 (exp[0.043n]-exp[-0.043n]) ma/cm 2 [2.4.24] 

where overvoltage, n, is in mv unit. This equation allows us to predict 
the rate of cadmium deposition or dissolution at various overvoltages as 
long as the reaction is controlled by the charge transfer reaction. 

For instance, at 20°C and Cp d 2+ = 0.01, an applied overvoltage to 
the cadmium electrode of +50 mv will yield a net current density of: 

i =1.5 (exp[0.043x50]-exp[-0. 043x50]) 

= 1.5 (8.59-0.12) 

• = 12.88 ma/cm -sec. 

The positive sign of current density indicates an anodic current flow. This 
means that cadmium dissolves. A current density of 12.88 ma/cm 2 -sec cor- 
responds to a dissolution rate of 6.67x10"° mole of Cd/sec-cm 2 . See the 
following calculation: 

2.88x1 0" 3 -*&- 

. _ i_ _ cm -sec 

'" nF 96500x2 cou1 x gSHlyalent 
ywuux* equivalent * mQle 

-8 2 

= 6.67x10 mole Cd dissolved/sec-cm 

If -50 mv of overvoltage is applied to the Cd electrode, the net current 
density will be: 

i = 1.5(exp[ 0.043x-50]-exp[0. 043x50]) 
= -12.88 ma/cm 

The negative sign on the current density indicates a cathodic current. 2 
This means cadmium will be deposited. A current density of -12 .88 ma/cm -sec 
corresponds to a deposition rate of 6.67x10"° mole of Cd/sec-cm 2 . 



2.4.7 



Hydrometallurgy 



Heterogeneous Kinetics 



LEARNING ACTIVITY 5 

Learning Activity Objective 

The material presented as Learning Activity 5 is a continuation of the 
subject on heterogeneous kinetics. After you have studied this material 
you should be able to discuss the overall rate equations that apply to 
a flat plate geometry. 

2.3.6 Rate Equation for Heterogeneous Reaction - 
Flat Plate Geometry 

In previous sections we discussed the rate equation for each of the indi 
vidua! steps that may be encountered in a heterogeneous reaction. How- 
ever, the overall rate equation for a heterogeneous reaction includes 
more than one process. If the reaction requires a number of steps that 
take place in series, then at steady state all these steps should proceed 
at the same rate, i.e., 



overall 



= r 



= r Z = 



- r. 



[2.5.1] 



The rate equation for a reaction step can be regarded as the product 
of an intensive property and an extensive property. Consider the dif- 
fusion process as an example, „ _ n dc, the diffusion coefficient is 

r A " '°d7 
intensive which depends only on the nature of the reactant, while the 
concentration gradient or concentration is extensive and depends on the 
amount of the material present in the system. The rate equation that has 
the highest intensive term in it will proceed faster (at the same concen- 
tration). However, the rate of a high intensive reaction can be reduced 
by decreasing the concentration. The strategy of maximizing a hetero- 
geneous reaction is, then, to ration the available reactant concentration 
to each mechanistic step so that every step will proceed at a same rate. 
A more detailed discussion will be given in the following example. 

Fluid-Solid Reaction without Solid Product-Flat Plate Geometry . 

An irreversible reaction, 



v A A (fluid) + v B B (solid) * v C C (fluid) 



[2.5.2] 



takes place as shown in Figure 2.5.1(A). Specie A diffuses through a 
stagnant film onto a plane surface of solid B. There A and B react 
to yield a fluid product C which diffuses back through the film into 
the main fluid stream. The diffusion flux of A arriving at the surface 
is given by. 



" r A(f) 



= C A(b)- C A(i) _ 
U A 6 



ID 



(C A(b)' C A(i) ) 



[2.5.3] 
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Figure 2.5.1 




Position 

Schematic diagram of concentration distribution in fluid- 
solid reactions without the formation of solid product 
under the following conditions: (A) both chemical reaction 
and diffusion are controlling k^k^, (B) chemical reaction 
control, i.e., k«k m , and (C) diffusion control, i.e., 

k»k_. 
m 
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And the interfacial reaction is assumed to be first order with respect 
to A, 

" r A(i) = kC A(i) IS-*.*] 

where k is the specific rate constant, and C^/-j\ is the concentration of 
A adjacent to the solid surface (which cannot be measured). In this 
physical picture, the mass transfer step and the chemical reaction step 
are in series. The rate for each step must be equal at steady state, 

" r A(f) = " r A(i) E 2 - 5 - 5 ] 

k m (C A(b)' C A(i) ) = kC A(i) [2.5.6] 



or 



Solve the equations for surface concentration, 

k 
C A(i) = k+k~ C A(b) [2.5.7] 

Then by placing the surface concentration value in either Equation 2.5.3 
or 2.5.4, a general rate equation can be obtained in terms of bulk con- 
centration, 

" r A(overall) = " r A(f) = ~ r A(i) = TTT C A(b) [2.5.8] 

k k 
m 

Equation 2.5.8 is the mixed kinetic rate expression where the values of 
the rate constants for each step are included. Very often we find that 
one or the other of the two constants will be smaller. In such cases 
the slow step is the rate-controlling step and the overall rate will be 
determined by this step alone. To illustrate the method, assume the 
above example to be a slow surface reaction process , k m >>k. Several obser- 
vations can be made. First, surface concentration can be determined from 
Equation 2.5.7 to be, C/\(i)=C/\(b)- The concentration profile, shown in 
Figure 2.5.1(B), reveals that almost no concentration gradient exists 
along the diffusion path. This suggests that the diffusion process is 
at quasi-equilibrium. Second, the overall rate, according to Equation 
2.5.8, -r(overall ) =kC A(b)» is determined solely by the surface reaction, 
and the concentration that applied to the rate equation is maximum, 

C A(if C A(b)' 

For a slow diffusion process , k m «k. In this case, C/\(i)=0 and -r, , ,» 
I =DACA(b)/ < 5- Therefore, the overall rate equation is determined by the ^ overal| J 
diffusion process alone, and the concentration gradient is maximum along 
the diffusion path, shown also in Figure 2.5.1(C). 
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It is also of importance to study the rate in terms of the amount 
of solid material that is reacted. For the above example, assuming the 
rate is controlled by the slow surface reaction, the rate equation can 
be written in terms of the moles of fluid A disappearing per unit area 
per unit time, 

1 dN A 
" r A = "sdT = kC A(b) ( first order irreversible) [2.5.9] 

Also, in terms of the disappearance of solid component B (from stoi- 
chiometry) the rate equation can be written, 

1 dN R V R 

- r B-iar a ^ kC A(b) t2.5.io] 

where Nr is the moles of component B in the solid phase. The value of Ng 
can be represented by the volume of the solid as, 

H Q =f- [2.5.11] 

where S is the area, x is the thickness of the solid (Sx is, therefore, 
the volume of the solid) and v is the molar volume of solid, i.e., the 
volume of solid per mole of component B. By differentiating Equation 
2.5.11 and then substituting into Equation 2.5.10, we obtain, 

This indicates the rate of penetration into solid B is linear kinetics 
with respect to time if the reaction is controlled by the surface re- 
action. 

Fluid-Solid Reaction with Solid Product - Flat Plate Geometry . 

In the case of an irreversible fluid-solid reaction that produces 
a solid product, the reaction can be represented by, 

v A A (fluid) + v B B (solid) * v C C (fluid) + v D D (solid) [2-5.13] 

As the reaction progresses, a sharp reaction interface advances slowly 
into the solid leaving behind it a layer of product through which fluid 
A and C must diffuse. Overall three steps act is series, e.g., film 
diffusion, product layer diffusion, and interfacial reaction; shown in 
Figure 2.5.2. 
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Figure 2.5.2. 



Schematic diagram of a flat-plate geometry heterogeneous 
reaction when the diffusion through solid product is the 
controlling step. 
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The reaction rate is normally controlled by either chemical reaction 
or by product layer diffusion. The rate equation for interfacial reaction 
controlled process is the same regardless whether a solid forms or not, 



A(i) 



= kC 



A(b) 



(n-th order, irreversible) 



[2.5.14] 



As far as the product layer diffusion control is concerned, the 
concentration gradient along the solid product should be maximum, shown 
in Figure 2.5.2. It is also assumed that the reaction product occupies 
essentially the original volume. Let the original position of the solid- 
fluid surface be at (see Figure 2.5.2), and the position of the solid 
product-solid reactant interface (reaction interface) at time t be at 
position -x (negative sign represents that the interface is actually 
moving into the bulk solid). The thickness of the product will be equal 
to x. The rate equation can be formulated as, 



-r 



A(p) 



, D A(eff) C A(b) 



[2.5.15] 



2.5.5 



Hydrometallurgy Heterogeneous Kinetics 

D A(effl = e ^' f:ect "' ve diffusivity of A through the fluid 
1 ' within the porous solid product = D A (f\£/T 

x = thickness of the product layer, a function of 
time. 

(Notice that solid state diffusion must be applied to the rate equation 
if the solid product has no porosity.) Equation 2.5.15 indicates that 
the rate of a product layer controlled reaction is not constant (as shown 
in the surface reaction or film diffusion processes), but is rather a 
function of reaction time, i.e., x changes with t. In order to estimate 
the instantaneous rate at time t, the corresponding thickness of the 
product layer has to be determined. This can be determined by the velocity 
movement of the reaction interface using the same method as previously 
discussed, i.e., the rate equation for product layer diffusion can be 
written in terms of the disappearing of solid component B, 

1 dN B _ 1 dSx _ 1 dx _ D A(eff) C A(b) v B ro c ,, n 

" r D/r,\ " " F 747 c77 71+ 77 7TT ~ L^.D-IDJ 



B(p) S dt Sv dt v dt 

2 v 

dt~ = 2v D A(eff ) C A(b) ^ 



XV A 
or -£-= 2v D n , ~ X C., KX ^ [2.5.17] 



The thickness of the product layer, x, can be evaluated by integrating 
Equation 2.5.17 with the boundary conditions that: x = when t = and 
x = -x when t = t. The solution is, 

x = (2vD A(eff) C A(b)^ t) [2.5.18] 

The instantaneous rate equation at time t can then be found by substituting 
Equation 2.5.18 into 2.5.15, 

B 

The rate decreases as time increases, this is usually called parabolic 
kinetics and is common for product layer diffusion processes. 

In summary, for a flat plate geometry, the reaction rate for a 
heterogeneous reaction may be controlled by film diffusion, by product 
layer diffusion or by surface reaction. The surface reaction control 
can be further divided into surface chemical reaction and charge trans- 
fer reaction control. The possible controlling steps and their cor- 
responding rate equations for a flat plate or disc are listed in the 
following table. 
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LEARNING ACTIVITY 6 




Learning Activity Objective 

The material presented in Learning Activity 6 is a continuation of 
the subject of heterogeneous kinetics. After you have completed your 
study of this material you should be able to discuss the overall rate 
equations that apply to spherical geometry kinetics. 



2.3.7 Fluid-Particle Reaction - Spherical Geometry 

Fluid-particle reactions are numerous and of great industrial im- 
portance. Unlike the flat plate geometry from which the rate of reaction 
can be considered to be a one dimensional process, a fluid-particle re- 
action is three dimensional and the reacting area is subjected to change 
during the reaction. Many particle shapes are possible, such as spheres, 
cubes, octahedrons, etc., but only the spherical particle will be dis- 
cussed here. 

Two simply idealized models have been proposed for the reaction of 
spherical particles with a surrounding fluid. They are the progressive- 
conversion model and the shrinking-core model. For particles that have 
a high porosity and a low reaction rate, the fluid phase enters the par- 
ticle and reacts throughout the particle as a function of time. Thus, 
the solid phase is converted continuously and progressively throughout 
the particle. This is called the progressive-conversion model . The 
shrinking-core model is used to visualize a reaction of a particle that 
has only limited porosity, i.e., the particle reaction is primarily at 
the outer surface of the particle. A sharp reaction interface then moves 
into the solid. The reaction may leave behind a completely reacted solid 
material as the product. Thus, reaction occurs only at the solid product- 
unreacted core interface, and the unreacted core of material shrinks in 
size during reaction. This is illustrated in Figure 2.6.1. Data from a 
wide variety of studies shows that, although the unreacted core and 
reacted product may not always be as sharply defined as the model il- 
lustrates, the shrinking core model approximates real systems better in 
most cases, than does the progressive-conversion model. Therefore, the 
kinetic equations for the shrinking-core model are developed in the 
following section. 

Fluid-Particle Reaction - Formation of Product Layer . The shrinking- 
core model assumes that the porous product is generated within the particle 
as a product layer, and the moving boundary between the product and solid 
reactant continues towards the center of the particle. The original 
shape of the particle is maintained in a topochemical manner. Assume a 
fluid-particle reaction is depicted by the following equation, 









v A A (fluid) + v B B (solid) * v C C (fluid) + v D D (solid) 



[2.6.1] 



One can visualize that five steps occur in succession during the reaction: 
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Figure 2.6.1 . 



Schematic diagram of shrinking-core model, reaction pro- 
ceeds at a narrow front which moves into solid particle. 
Solid reactant is completely converted as the front passes 
by. 




radial position 



Step 1, Diffusion of A through the stagnant film to the surface 
of the particle, 

Step 2, Diffusion of A through the product layer to the un- 
reacted core, 

Step 3, Reaction of A with solid B at this reaction interface, 

Step 4, Diffusion of fluid product C through the product layer 
to the exterior surface of the solid, 

Step 5, Diffusion of C through stagnant film back to the main 
fluid stream. 

Steps 4 and 5 will not be rate controlling steps if a fluid product is 
not formed, or if the reaction is irreversible. The reaction is normally 
controlled by steps 1, 2, or 3. The integrated rate expression for each 
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controlling step will be given later in this section, but the equation 
derivation will only be given for product layer diffusion control . How- 
ever, the same principles and same procedure can be used to derive the 
rate expressions for other controlling steps. 

Diffusion Through Product Layer Control . Figure 2.6.2 illustrates 
the shrinking-core model in which product layer diffusion controls the 
rate of the reaction. A maximum concentration gradient can be seen to 
exist through the product layer. Notice that the concentration gradient 
is not constant. 



Figure 2.6.2. 



Schematic diagram of a reacting particle follows the 
shrinking-core model when diffusion though the product 
layer is the controlling step. 
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Because the cross section areas are not the same along the diffusion 
path, the constant molar flux model which applied for rectangular coordi- 
nate will not be suitable for spherical coordinate. The constant molar 
flow (mole/time) model has to be converted to the spherical or cylindri- 
cal coordinate system. The molar flow that enters any imaginary spherical 
area 4irr2 at any position r within the solid product is, 

2 
Where area, 4Trr is a function of r and the concentration gradient, 

3C^/3r, is not constant. The right hand side of Equation 2.6.2 (see 

Figure 2.6.2) can be integrated for the following boundary conditions, 

C A = C A(b) r = r o 

C A = r - r c 

where r and r c are the radius of the original particle and the unreacted 
core, respectively. The result of the integration is, 

dN A = 4 * D A(eff) C A(b) [2 6 3] 



dt 



r c r o 



From stoichiometry, the rate of solid component B reacted is, 

[2.6.4] 







dN B 
dt 


v B dN A 
v A dt 








and 


the 


rate of 
dN B _ 


the sol i 
1 dV _ 


d volume 

-4irr 2 dr 
c c 


reacted 


is, 



&r v3t v "dt [2 - 6,5] 

where v = molar volume = volume of solid per mole of component B, 

V = volume of the solid. 

By substituting Equations 2.6.5 and 2.6.4 into Equation 2.6.3, a dif- 
ferential equation between time and the radius of the unreacted core 
results, 

'C V B 

^ " r c> dr c = ^ v D A(eff ) C A(b) dt ^2.6.6]- 

M 
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This equation can be integrated for the following boundary conditions, 



r = r 
c o 



r c = r c 



t = 

t = t 



to give the following results, 
2 

^ D-(^) 2 - f0-(^> 3 ) = X D A(eff) c A(b) t 

By introducing a symbol a as the fraction of solid reacted, 

° - ¥ r o - r r c ] f ( r r ] - 1 " ( ?- ) 





[2.6.7] 



[2.6.8] 



an integrated rate expression in terms of the fraction of solid reacted 
as a function of time can be found. The resulting equation is, 

i 2 n .2/3 .. 2D A(eff) Vv B r f 
l-ya-(l-a) £ C A(b) t 

r V A 



[2.6.9] 



This equation indicates that for a product layer diffusion controlled 
process, a plot of , 2 ,, »2/3 versus t should yield a straight line 

~3" a ~ * ' 
(shown in Figure 2.6.3). The effective diffusivity can be determined 
from the slope of the plot. Another unique feature for a product layer 
diffusion controlled reaction is that the modified rate constant kp, or 
rate of reaction is sensitive to the particle size, i.e., the rate de- 
creases with an increase in particle size (see Figure 2.6.3). 



Figure 2.6.3. 
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The same calculational procedure as above can be used to determine 
the rate equation for a reaction controlled process . The integrated rate 
expression in terms of the fraction of solid reacted is shown by the 



following equation: 



v n v kC? 



Hl _ a )V3 . V B V -A(b) t [2>610] 

V A r o 

This equation will yield a straight line by plotting l-(l-a) vs. time, 
and the specific rate constant k can be determined from the slope. The 
rate equation indicates that the rate is inversely proportional to the 
particle size. 

For film diffusion process , the rate equation can be calculated to 
be 

I m A(b) t [2.6.11] 



-. - 



r o v A 



where k is the mass transfer coefficient for species A diffusing through 
a stagnant film. 

Fluid-Particle Reaction - Shrinking Spherical Particles . When a fluid- 
particle reaction does not generate any solid product, the reacting particle 
shrinks during reaction and finally disappears. The reaction can either 
be controlled by a film diffusion process or be controlled by a surface 
reaction. When chemical reaction controls , the behavior is identical to 
that of particles forming a solid product, i.e., equation 2.6.10. The 
integrated rate expression for a film diffusion process for a shrinking 
spherical particle is, 

H1 _ a) 2/3 . 2 V k m C A(b) t [26J2] 

VA r o 

In summary, for a fluid-particle reaction, the reaction can be con- 
trolled by film diffusion, product layer diffusion or chemical reaction. 
The possible controlling steps and their corresponding rate equation for 
a spherical particle is listed in the following table. Literature is 
quoted where experimental systems were studied and found to obey the 
various model conditions. 

TABLE 2.6.2. Rate Equations for Shrinking Core Model 
A. Formation of Product Layer: v.A, , \ + Vrfii s \-*Vr^(f) +v [p( si 

1. Film Diffusion Controls 

Equation: , = B m . A ( b ) t 



V A r o 
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Table 2.6.2 cont'd. 

Example: First stage ferric sulfate leaching of chalcocite 

to blue-remaining covellite, the rate is controlled 
by the diffusion of ferric ions to the particle 
surface (6). 

2. Product Layer Controls 

Equation: l-§. -(l-a) 2/3 « y D A(eff) ^^ 

VA r o 

Example: Leaching of chalcopyrite with ferric sulfate, the 

rate is controlled by the diffusion through elemental 
sulfur layer (7). 

3. Surface Reaction Controls 

Equation: l-(l-a) 1/3 = ^- cj (b) t 

Example: Leaching of chalcopyrite with ferric chloride, the 
rate is controlled by the surface reaction (8). 

4. Mixed Kinetic Controls (surface reaction and product layer dif- 
fusion)^) 

Equation: ^ (1-f a -(l-a) 2/3 )+ ^(l-(l-a) 1/3 ) = ^ C Af .,t 

2D A(eff) 3 k V A R[b) 

Example: Leaching of chrysocolla with sulfuric acid (10). 
B. Shrinking Particle v fA(f\ +v o^i s v* v rp(f) 

1. Film Diffusion Controls 

2/3 2v B vk m 
Equation: l-(l-a) = ^ ^(b)* 

Example: Leaching of copper shperes with cupric chloride when 
concentration of cupric chloride is less than 0.02 
M (11). 

2. Product Layer Diffusion: Not applicable. 
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Table 2.6.2 cont'd. 



3. Surface Reaction Controls 

wo v R vk 
Equation: l-(l- a ) ,/3 = ^- cj (b) t 



Example: Chlorination of rutile (12). 



Limitations of Shrinking Core Model . The assumption of the shrinking 
core model is not always precisely applicable. For example, a reaction 
may occur along a diffusion front rather than along a sharp interface 
between the product and reactant. A reaction zone model has been proposed 
by assuming the reaction is taking place within a zone rather than an inter- 
face. 

Also, the rate equations are derived based on a single particle. Al- 
though these equations can be applied directly to a system that has a 
single particle size, they are not directly applicable to a system that 
contains a distribution of particle sizes. 

2.3.8 Suggested Reading 

0. Levir.spel, Chemical Reaction Engineering , John Wiley, New York, 2nd ed., 
Chap. 14, 460 (1972). 

M. E. Wadsworth, "Rate Process in Hydrometallurgy," 2nd Tutorial Symposium 
on Extractive Metallurgy, Denver, Colorado, 1972. 
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LEARNING ACTIVITY 7 

2.4 Rate Phenomenon in Hydrometallurgical Processes 

Learning Activity Objective 

After completing this learning activity you should be able to inter- 
pret some simple kinetic data and to determine the rate limiting steps 
that occur in some hydrometallurgical processes. 

The previous learning activities provide us with some useful tools 
to interpret or predict simple kinetics in a heterogeneous reaction 
system. Examples on hydrometallurgical processes will be discussed in 
this section. Experimental data are taken directly from the results of 
a hydrometallurgy laboratory class conducted at the University of Utah 
under the supervision of Professor M. E. Wadsworth. Acknowledgement is 
made to both graduate and undergraduate students who participated in 
the class. Although the laboratory program consisted of 1) leaching of 
metals, 2) leaching of oxides, 3) leaching of sulfides, 4) cyanidation, 
and 5) solvent extraction, only the first two topics will be presented 
in this section. 

2.4.1 Dissolution of Metal by Spinning Disc Technique 

Leaching of metallic copper with a ferric ion reagent was studied 
in the laboratory by using the spinning disc technique. The technique 
has been widely used for electrode kinetic studies. The experimental 
system is well defined with respect to the hydrodynamic behavior and 
uniform mass transfer boundary layer. The mass transfer coefficient for 
spinning disc experiments can be calculated from the equation listed in 
the previous section in Table 2.6.2. 

Background . The reaction steps for the dissolution of copper with 
ferric ions can be visualized as, 

1. Diffusion of ferric ions across the stagnant film to the 
surface of the copper metal , and 

2. Charge transfer reactions on the surface of the metal. 

These are: 

3+ 2+ 
cathodic reaction Fe, „ N +e -> Fe, x 

(aq) (aq) 

2+ 
anodic reaction Cu, v -»• Cu, >+2e 

overall reaction 2Fe 3+ +Cu -> 2Fe 2+ +Cu 2+ 

The overall reaction has a standard free energy of reaction of approxi- 
mately -17 kcal/mole, so that the reaction can be assumed to be irrever- 
sible. 
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E° = 0.771v 


[2.7.1] 


E° = 0.337v 


[2.7.2] 


AE° = 0.435v 
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3+ 2+ 

Electrode kinetic studies of the reaction Fe +e-*Fe in a sulfuric 

acid system has been extensive. In a condition where Cp e 3+=8.7xl0 _ 3 M, and 
Cp § 2+=1 .0xl0"2 M, the equilibrium half cell potential, Eo> was found to be 
0.646 volts on the SHE scale; exchange current density, io, to be 3.2 ma/cm 2 ; 
and the transfer coefficient, a, to be 0.52. The cathodic limiting current 
density, -i<j,Fe3 + > ls therefore estimated to be 5.0 ma/cm 2 (the mass transfer 
boundary layer is assumed to be lxl 0~3 cm). The Butler-Volmer equation that 
includes charge transfer and diffusion for the cathodic reaction can be 
written as, 




i 



1 = "o' 1 " U.H 



^expE-d-ajFCE-E^/RT] 



[2.7.4] 



The relationship between the cathodic current density and cell potential, 

E, can be found by substituting numerical values into Equation 2.7.4. The 

result is presented graphically in Figure 2.7.1. The reaction is controlled 

by charge transfer at low overvoltage, and controlled by diffusion at high 
overvoltage. 



Figure 2.7.1 . 



Polarization curves for Fe /Fe and Cu /Cu couples. 
represents the mixed potential when these two couples are 
connected together. 
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The charge transfer reaction for Cu°-*Cu +2e in a sulfuric acid 
system has also been studied. For a system where Cr; u 2+=0.1 M, the equi- 
librium half cell potential was found to be 0.28 volts (SHE); the exchange 
current density to be 1 ma/cm 2 ; Tafel slope to be 0.030 volt per decade; 
and no anodic diffusion limiting current density. The Butler- Volmer 
equation can be written as, 

i = i (exp(2F(E-E )/RT)-(l- T J -^ T )exp(-2F(E-E Q )/RT) [2.7.5] 

d,Cu 

A plot of log i vs. E is shown in Figure 2.7.1. 

When these two half cells occur together, the original equilibrium 
potentials for each reaction will be disturbed, a new mixed-potential, E M , 
between the two equilibrium potentials is established (see Figure 2.7.1). 
That is, the cathodic current must be equal to the anodic current. The 
two current densities are equal if the cathodic area is equal to the anodic 
area. By examining Figure 2.7.1, the mixed-potential is close to the 
equilibrium potential of Cu/Cu 2+ half cell potential. This suggests that 
the anodic reaction is probably at quasi-equilibrium, and the overall rate 
should be controlled by the cathodic reaction which can be charge transfer 
or diffusion. Figure 2.7.1 also shows that a large overvoltage exists for 
the cathodic reaction, which suggests the reaction is probably controlled 
by the diffusion of ferric ions. 

Experiment and Results . The experimental system consisted of a re- 
action vessel with 750 cc of solution containing 0.1 to 0.5 ml of Fe3+ 
ions, and a copper spinning disc with a diameter of 1.75". The temperature 
of the reactor was controlled by a temperature controlled oil bath. The 
spinning disc velocity was 600 rpm, pH=2, and temperature 30°C. The con- 
centration of ferric ion at reaction time, t, was back calculated by 
measuring the copper concentration in the solution. 

If the reaction is indeed controlled by diffusion, the rate equation 
can be written as, 

i dN,- 3+ ., dC P 3+ 

" I "#- = " I -Si- " k m c Fe 3+ [2.7.6] 

S dt S dt m Fe 

where V,S = volume of solution and area of the disc, respectively, 

k = mass transfer coefficient = Dp 3+/6» 

5 = thickness of mass transfer boundary layer. 
The integrated rate equation is a first order reaction, 

ln CT3T = t k m VJ.n 



'Fe* 
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where ^p 3 +» ^Fe 3+ = ^ err ^ c ^ on concentration at time zero and 

o time t, respectively. 

The experimental results justified the above analysis as shown in Figure 
2.7.2 for several ferric ion concentrations. The mass transfer coefficient 
can be calculated to be an average of 4.65x10~3 cm/sec. The diffusion co- 
efficient, D, of ferric ion can then be calculated from the Levich Equation, 



k = 0.62 D 2 ' 3 v" 1/6 J/ 2 

m 



[2.7.8] 



The diffusion coefficient was found to have an average of 9.2x10 cm /sec 
which is comparable to the value reported in the literature of 6.5xl0"6 cm?/ 
sec at 25°C. The proposed diffusion control step is also supported by the 
low activation energy of about 3 kcal/mole shown in Figure 2.7.3, a plot of 
In k m vs. 1/T. The Levich Equation, Equation 2.7.8, was also tested by 
varying the spinning velocity. A linear relationship should be found be- 
tween mass transfer coefficient and the square root of spinning velocity. 
This relationship should not be found if a surface reaction controls the 
process. Results justify the Levich equation, shown in Figure 2.7.4. 



Figure 2.7.2. 



First order reaction plot for several ferric ion concen- 
trations (ferric sulfate leaching of metallic copper). 
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Figure 2.7.3. Arrhern'us plot for the dissolution of metallic copper in 
the presence of ferric ions. 
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Figure 2.1 A. Test of the Levich equation in which mass transfer co- 
efficient is a linear function of the spinning velocity 
to the one half power. 
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2.4.2 Dissolution of Oxides - Leaching of Copper Silicate 

Oxide minerals of copper which are often encountered in copper dump 
leaching are malachite, CaC03-Cu(0H)2; azurite, 2CuC03'Cu(0H)2> and chryso- 
colla, CuO-Si02'2H20. These minerals are readily leached with acid. 
Chrysocolla is a hydrated silicate with CuO associated in the lattice. 
When leached with sulfuric acid, copper oxide will be dissolved and a sili- 
cate will be left behind as a porous solid product. The reaction can be 
written as, 

Cu0-ST0 2 -2H 2 (s) +2Hj aq) * Cu^ q j+Si0 2 -n(H 2 0) (s) +(3-n)H 2 [2.7.9] 

Microprobe analysis on the partially leached particle indicates a product 
layer of silicate surrounding an unreacted core. The shrinking core model 
may be applied to interpret the kinetic data for this system. 

The experiment was carried out by leaching 1 gram of monosized 
chrysocolla in a batch reactor containing 750 cc solution (0.03 to 0.10 
N_ of sulfuric acid) using a stirring speed of 500 rpm. The concentration 
of hydrogen was much greater than is required to dissolve the copper, so 
that C u + can be considered to be constant. 

n 

The kinetic results for leaching the 100 x 150 mesh monosize material 
at various acid concentrations are shown in Figure 2.7.5, a plot of fraction 
of solid reacted versus reaction time. A product layer diffusion con- 
trolled model was tested graphically using the equation, 

1 .2.. (1 . a) 2/3. 2v V(rffMb) ^ t [2 . 7 . 10] 



where a = fraction of solid reacted, 

m w "\ 

v = molar volume = , „ Q ' ' = 68.2 cm solid/mole of Cu, 

wt.% B x p SQlid 

Du + /«ff\ = effective diffusivity of H through the water in porous 
M (e ' solid product, 

v Cu V H + = stolcniometr " ,c coefficient of CuO and H , respectively, 

2 

r = original solid particle size = 0.0065 cm for 100 x 150 



o 



mesh materials. 



Results are shown in Figure 2.7.6. The linear relationship for different 
hydrogen ion concentrations indicates that the product layer diffusion 
control mechanism is valid. From the slopes, the effective diffusivity 
of the hydrogen ion can be estimated, i.e., 6.52 + 0.27x10"^ cm^/sec. 
The activation energy for this diffusion control Ted process was about 3.3 
kcal/mole. This was determined from the plot shown in Figure 2.7.7. 
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Figure 2.7.5. Fraction of copper in chrysocolla reacted versus time. 
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However, the initial kinetics cannot be controlled by the product 
layer. It must be controlled either by diffusion through stagnant film 
or by surface reaction. For a highly agitated solution, surface reaction 
is probably the initial rate limiting step. The differential rate equation 
for a surface reaction control system can be obtained from Equation 2.7.11, 



da 
dt 



3kvv 



B -n 



t->O,a-*0 



Va 



'H + (b) 



[2.7.11] 



where 



k = surface reaction constant. 



By taking the initial slope from the rate curves, it is possible to deter- 
mine the reaction order and rate constant for this initial stage. First, 
the reaction order was determined from the equation, 



1 






3kw 



= In 



B 



t-0 



VA 



In 



C H + (b) 



[2.7.12] 
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da 



By plotting In^-i vs. 



t-*0 



ln C H + (b) 



(shown in Figure 2.7.8). The slope of 



1 shows the kinetics to be first order. The specific rate constant for 
various hydrogen ion concentrations can be determined from Equation 
and have an average value of 4.45 + 0.17 (xl0"3) cm/sec. The activation 
energy was estimated to be 6.6 kcal/mole shown in Figure 2.7.9. This 
high activation energy supports the surface reaction proposal. 



Figure 2.7.6. 



Test of the shrinking-core model for product layer diffusion 
control for the leaching of chrysocolla at various hydrogen 
ion concentrations. 
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Figure 2.7.7. 



Arrhenius plot for the diffusion controlled reaction 
chrysocolla leaching with hydrogen ions. 
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Figure 2.7.8. 



Determination of reaction order with respect to hydrogen 
ion concentration from the initial rate of reaction (the 
shape of 1 indicates the first order reaction). 
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Figure 2.7.9. The Arrhenius plot of the initial rate of chrysocolla 
leaching. 
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Additional experiments were also carried out using a larger size 
material, i.e., 65 x 100 mesh. Results indicate the same controlling 
step, i.e., product layer diffusion. The effective diffusivity was found 
to be 5.85+0. 6(xl0~7) cm2/sec; activation energy for the product layer 
diffusion to be 3.0 kcal/mole. From initial kinetics, the specific rate 
constant was found to be 3.44+0.16 (xl0~3) cm/sec with activation energy 
of 5.75 kcal/mole. These numerical results are in close agreement with 
those found from the experiment using 100 x 150 mesh material. 

It is of interest to compare the rate of individual steps that occur 
in the leaching of chrysocolla. If we assume the thickness of the stagnant 
film to be 2xl0~3 cm, and the diffusivity of hydrogen ion to be 9.3x10*5 
cm/sec, the mass transfer coefficient, k m , for film diffusion can be cal- 
culated to be about 4.65xl0 - 2 cm/sec. This value is large compared to 
experimental values of product layer diffusion and surface reaction, i.e., 



k m = 4. 65x1 0" 2 cm/sec 



film diffusion 



-7 2 
D H + (eff) = 6 - 58xl ° cm / sec product layer diffusion 

_3 

k = 4.45x10 cm/sec surface reaction 
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Film diffusion has the highest value which eliminates that step as a pos- 
sible rate limiting step. A rough comparison between product layer dif- 
fusion and surface reaction can be made by assuming the thickness of the 
product layer at the early leaching stage to be a flat slab. In such a 
case, the specific rate constant, k, can be compared directly with the 
effective diffusivity in the form, Du+/ f^/Ax, where ax is the thickness 
of the product layer. By substituting numerical values for k and Dn+(eff) 
in the rate expression (Equations 2.5.9 and 2.5.14 where flat plate 
geometry is assumed), the rate of product layer diffusion will be equal 
to the rate of surface reaction at a thickness of 1.5x10"^ cm. At the 
initial stage of leaching, Ax<1.5xl0~4 cm, the rate should be controlled 
by surface reaction. The reaction will be controlled by diffusion when 
ax>1. 5x10-4 cm. In this experiment the average particle size was about 
7.3x10-3 cm in radius, a thickness of 1.5x10"' cm of product represented 
only about 6% of solid. We can probably state that the reaction is pre- 
dominantly controlled by the diffusion through the product layer without 
introducing a large error. A mixed kinetic model that includes product 
layer and surface reaction reported in the literature can be used for 
more precise analysis. 
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Learning Activity Objective 

After completing your study of this learning activity you should be 
able to characterize and describe particles which either occur in nature 
or are produced from processing operations; to express a group particle 
distribution in terms of one or several physical properties. 

3.1 Particle Characterization 






Hydrometallurgical leaching processes involve an aqueous solvent to 
dissolve metal values from an ore that is being pretreated for the purpose 
of leaching or from a run of mine ore. The leaching is normally conducted 
in a confined vessel or a restricted area, called the reactor. Since 
leaching is one of the main unit operations in metal value recovery, the 
success achieved in the reactors directly influences the throughput of 
the entire hydrometallurgy operation. 

In general, depending on the flow pattern of the aqueous phase, the 
leaching practice can be broadly classified as percolation systems 
and agitation systems. The percolation systems include the in-situ 
leach, heap leach, percolation leach and vat leach. During the percolation 
leach process, the solid particles are stationary while the aqueous 
solutions move through the packed bed by either hydralic pressure or 
simply by gravity. The agitation process however, requires a mechanical 
agitator to maintain the solid particles in suspension. The success of 
either operation, i.e., either percolation leaching or agitation leaching 
depends on understanding the hydrodynamic behavior, the mass transfer 
occuring in the system, the intrinsic kinetics of the leaching reaction, 
and the physical properties of the solid particles. 



In this module, the hydrodynamic behavior and mass transfer for each 
type of leach system, the solid properties that influence the rate of 
leaching, the kinetics and the design of each leaching system will be 
discussed. 

The physical character of the solid particles not only influence the 
rate of the reaction but also influence directly the hydrodynamic behavior 
of the reaction system. Table 3.1.1 lists several particle properties 
which are often important in mineral processing and chemical metallurgy 
systems. The identification of the necessary properties to describe the 
behavior of a system requires a through understanding of the meaning and 
means of measuring each individual property. 

3.1.1 Particle Size 

The size of the particle is the best way to describe the dimension 
of a particulate. Particles, however, are generally irregular in shape 






Coordinator Comment: The following material was partially contributed 
by Dr. John Herbst, Professor of Metallurgical Engineering, University of 

Utah. A portion is directly quoted from reference 1. 
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so that it is difficult to define rigorously what is meant by particle 
size. 

Table 3.1.1 Particle Characteristics and Their Measurement 



Property 



Method 



Size 
Shape 

Mineralogical composition 

Density 

Surface area 

external 

external and internal 
Porosity and pore size 
Surface charge 
Magnetic susceptibility, 

electrical conductivity 
Wettability 
Strength 



Microscopic, sedimentation, sieving 
Size (linear dimension), volume, 

and area measurement 
Microscopic, X-ray diffraction 
Picnometer 

Permeametry 

Gas adsorption, chromatography 

Porosimetry 

Electrophoresis, streaming potential 

Standard methods of physics 
Contact angle, microcalorimetry 
Compression, drop weight, grind- 
ability tests, etc. 



The size of a spherical particl 
diameter. For a cube, the length al 
However, no one can deny that the siz 
the length of the diagonal, or the d 
is equal to that of the cube. For i 
to quote the size of a particle in t 
expression most often used is the eq 
the diameter of a sphere that would 
particle when submitted to some spec 
equivalent diameter usually depends 
the particle-sizing technique should 
that one wishes to control. 



e is uniquely defined by its 

ong one edge is usually characterized. 

e of the cube can be regarded as 

iameter of the sphere whose volume 

rregular particles, it is desirable 

erms of a single quantity. And the 

uivalent diameter. This refers to 

behave in the same manner as the 

ified operation. The assigned 

on the method of measurement, hence 

, wherever possible, duplicate the one 



Several equivalent diameters are commonly 
the Stokes' diameter is measured by sedimentati 
niques; the projected area diameter is measured 
sieve-aperture diameter is measured by means of 
to the diameter of a sphere equal to the width 
which the particle just passes. If the particl 
true spheres, and they rarely are in practice, 
refers only to their second largest dimension. 
of the particle size for different measurement 



encountered. For example, 
on and elutriation tech- 
microscopically and the 
sieving. The last refers 
of the aperture through 
es under test are not 
this equivalent diameter 
More detailed description 
is presented in Table 3.1.2, 
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Table 3.1.2 Definitions of particle size 



Symbol Name 



Definition 



d. 



Surface diameter 



d„ Volume diameter 



dg Drag diameter 



d a Projected area diameter 



l f 



d. 



vs 



Free- f a 11 i ng d i ameter 



d~+ Stokes 1 diameter d st = /(d^/d^) 



Sieve diameter 



Specific surfac diameter 



^ s - fyd a i 



The diameter of a sphere having 
the same surface area as the 
particle 

The diameter of a sphere having 
the same volume as the particle 

The diameter of a sphere having 
the same resistance to motion as 
the particle in a fluid of the 
same viscosity and at the same 
velocity 

The diameter of a sphere having 
the same projected area as the 
particle when viewed in a direc- 
tion perpendicular to a plane of 
stability 

The diameter of a sphere having 
the same density and the same 
free-falling speed as the particle 
in a fluid of the same density and 
viscosity 

The free-falling diameter in the 
laminar flow region (Re < 0.2) 

The width of the minimum square 
aperture through which the particle 
will pass 

The diameter of a sphere having 
the same ratio of surface area to 
volume as the particle. 



A condensed list of some of the more common methods used to determine 
a analysis, together with their effective size ranges is presented in 
Table 3.1.3. 



3.1.3 
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Table 3.1.3 Some Methods of Particle-Size Analysis 

Method Approximate Useful Range 
(microns) 

Test Sieving 

Elutriation 

Microscopy (Optical) 

Sedimentation (gravity) 

Sedimentation (Centrigugal ) 

Electron Microscopy 

Coulter Counter 

Light- Scattering method 



Test sieving is the most widely used method for particle-size 
analysis. It covers a very wide range of particle size; i.e., the range 
of most industrial importance. The standard size scale for sieving 
screen opening is listed in Table 3.1.4, 

Detailed theory, measurement procedure and its application for each 
method listed on Table 3.1.3 can be found in Reference 2. 

3.1.2 Particle shape 

Particle shape influences such properties as the hydrodynamics of 
the fluid, the flowability of the particle, the interaction with the fluid 
and the packing of the solid. The description of the particle shape is 
usually in a qualitative manner such as angular, flaky etc. Some of these 
terms with their description are given in Table 3.1.5. 

A more quantitative description of the particle shape is to measure 
the thickness, the breadth and the length of a particle. These three 
are mutually perpendicular to each other. The thickness, T, is defined 
as the minimum distance between two parallel planes which are tangential 
to the opposite surface of the particle, one plane being the plane of 
maximum stability. The breadth, B, is referred to the minimum distance 
between two parallel planes which are perpendicular to the planes de- 
fining the thickness and tagential to opposite sides of the particle. 
And the length , L, is defined as the distance between two parallel plans 
which are perpendicular to the planes defining thickness and breadth and 
are tangential to opposite sides of the particle. Heywood(2) has proposed 
two ratios to describe the shape of a particle. 

elongation ratio n = L/B [3.1.1] 

flakiness ration m = B/T [3.1.2] 
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Table 3.1.4 A Standard Sizing Scale Based on the Standard 200-Mesh 
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Table 3 


1.4 (Continued) 
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Table 3.1.5 Description of particle shape 



Acicular 

Angular 

Crystalline 

Dendritic 
Fibrous 
Flaky 
Granular 

Irregular 

Modular 

Spherical 



needle shaped. 

sharp edged or having roughly polyhedral shape. 

freely developed in a fluid medium of geometric 

shape. 

having a branched crystalline shape. 

regularly or irregularly thread-like. 

plate-1 ike. 

having approximately an equidimensional 

irregular shape. 

lacking any symmetry. 

having rounded, irregular shape. 

global shape. 



3.1.3 Shape factors 



Similar to the "size" 



of the particle, the shape factor is also 
a unique description of a particle shape which requires a common description 
of particle topology. Commonly used measures of shape include: the 
volume shape factor, 



C3 = volume of the particle divided by the 
particle diameter cubed, 



and area-shape factor 



C2 ■ external area of the particle divided 
by the particle diameter squared. 



[3.1.3] 



[3.1.4] 



These quantities can be related to regular geometrical shapes, e.g., 
spheres, cubes, tetrahedra, disks, etc. One of the most commonly used 
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measures of a particle's shape is its sphericity, 

4 = surface area of a sphere with the 
same volume as the particle divided 
by the actual surface area of the 
particle. 

For a sphere, <j> = 1, and for all other particle shapes 0<$<1. For broken 
solids <j> is usually about 0.63. Calculated sphericities of different 
solids are presented in Table 3.1.6. In terms of C2 and C3, particle 
sphericity is given by 

$ = 4.84 C 3 2/3 /C 2 [3.1.5] 

It is apparent from this expression that an "infinite" number of combinations 
of the shape factors C2 and C3 can yield the same value of <j>. 



Table 3.1.6 Data on Sphericity $. 



(3) 



Material 



Sand 0.600, 0.861 

Iron catalyst 0.578 

Bituminous coal 0.625 

Celite cylinders 0.861 

Broken solids 0.63 

Sand 0.534-0.628 

Silica 0.554-0.628 

Pulverized coal 0.696 



3.1.4 Particle size distribution 

The solid particles encountered in nature or produced in processing 
operations seldom conform to one size. It is of importance to describe 
the amount of particle quantitatively distributed among the various sizes. 
In other words, it is necessary to find the amount of solid in terms of 
the fraction of particles in a given size. or size interval in order to 
present or to predict the overall assembly behavior. This is usually 
termed particle size distribtuion which represents the fraction (usually 
in volume, weight or number) of particle in a specified size range. 
However, other properties such as surface area of a particle size dis- 
tribution may be readily calculated from the particle size analysis. 

The particle size distribution is similar in form to the probability 
distribution but it may also be represented by fractional analysis 
(density function) and by cumulative analysis (distribution function). 
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The two functions are shown graphically in Figure 3.1.1 a and b, 
(The following is directly quoted from Herbstl')). 
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Figure 3.1.1. Plot of a typical density function (a) and distribution 
function (b) for particle size in an assembly of particles. The equi- 
valence of the distribution fucntion and the area under the density function 
curve and the density function and the slope of the distribution function 
curve are illustrated. 
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"The quantity f(d) is termed the particle-size density function for the 
assembly. Physically f(d) d(d) is equal to the fraction of the particles 
in a population that lie in a differential size interval d to d + d(d). 
Geometrically this fraction can be represented by the shaded area under the 
density function between the differential limits d to d + d(d) shown in 
Figure 3.1.1a. In order to find the fraction of particles smaller than 
some size d 1 , one must add the fractions of particlesf (d) d(d) from the 
minimum size in the population, d m -j nj to the size of interest, d'. This 
summation is accomplished by integration of the density function, i.e., 

d' d ' 

F(d f } = e fid)d(d) = f f(d)d(d) [3.1.6] 

d min dmin 

all did) 

The function F(d'), termed the distribution function, gives the fraction of 
the population with size less than d'. It is apparent from equation [3.1.6] 
that F(d'), depicted in Figure 3.1.1b, equals the area under the density 
frunction curve between d m i n and d 1 (cross-hatched area in Figure 3.1.1a). 
It is easily shown that the fraction of particles between any two sizes 
d a and dw {d^ > d a ) is given by F(dt,) - F(d a ), that F(d m a x ) = 1-0, and that 
f(d a ) = LdF(d)/d(d)] c j= c i a - lt 1S important to recognize that if one f(d) or F(d) 

is known, everything about the distribution of particle sizes in the 
assembly is known. 

In many instances it is not necessary, nor is it possible experiment- 
ally, to determine the complete density function or distribution function 
for a certain property. In such instances it may suffice to determine 
selected characteristics of the distribution. One such set of characteris- 
tics is the fraction of particles in a series of discrete property intervals. 
If, for example, the entire size range of particles d m i n to d max is broken 
up into a series of n discrete subintervals, then the fraction in the ith 
interval (bounded by d-j above and d n - + -j below) is given by 

d i 
fi = f fid) did)=Fid l )-Fid i+ i) 3 i=l,2,3,...,n 

**" [3-1.7] 

Information of this type might be generated experimentally by sizing an 
assembly using a series of n sieves. The set of fi values determined in 
this manner does not completely characterize the distribution (since no 
information is contained in fi concerning the distribution within the 
interval d^ + i to di), but approximations to the complete density function 
and distribution function can be obtained from these data. It is apparent 
from equation [3.1.7] that the following equality holds for the distri- 
bution function at the discrete points d^ 3 i=],2, .. ,n: 

F(di)= I f. [3.1.8] 
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From the mean-value theorems of calculus the sensity function can be 
approximated by 



f(d*J - F(d i> ~ Fld Ul } = U 



d i' d Ul d i~ d Ul C3.1.9D 

where di is an average value of d in the interval d^ to d.. Commonly 
used values for d% include the arithmetic average {d^ + d^ +1 )/2, the 
geometric average {did^jP, and the harmonic average Zdidi+j/C^i + 
di+j)- Figure 3.1.2 shows the density and distribution functions of 
Figures 3.1.1a and b along with the discrete approximations obtained 
for ten equ is paced size intervals, d* = (d^ + d\+i)/2. The discrete 
approximations are seen to reproduce the essential characteristics of 
the continuous functions; such approximations become even better as the 
number of size intervals is increased. 

In certain instances, only one or two parameters are used to charac- 
terize a distribution. The mean and variance of the distribution are 
often used in such instances. The mean or average size of a population 
is determined from the density function using the defining equation 

v = f dfCd) did) [3.1.10] 

dmin 

Its corresponding approximation obtained from a set of fi values is 

y = I d*f(dt) tdi= E d#\ [3.1.11] 

The variance or spread of sizes (around the mean) is given by 

o 2 = / " aX (d-u) 2 f(d)d(d) [3.1.12] 

"min 

or approximated by 



n 



a 2 = Z (d*.-v) 2 fi [3.1.13] 

i=l 

The normalized spread of sizes is characterized by the coefficient of 
variation 

CV = o/v [3.1.14] 
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Figure 3.1.2. Plot illustrating ten size fraction discrete approximations 
to a density function (a) and distribution function (b). 
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Figures 3.1.3a and b illustrate the way in which these characteristics 
change with changes in the density function, fid). Figure 3.1.3a shows 
distributions with the same coefficient of variation but different mean 
sizes and Figure 3.1.3b shows distributions with the same mean size but 
different CV values. 
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Figure 3.1.3. Illustration of density function changes resulting from 
changes in the mean for a fixed coefficient of variation (a) and changes in 
the coefficient of variation for a fixed mean (b). 
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Several commonly used empirical size distributions are listed in 
Table 3.1.7 along with the corresponding mean sizes, variances, and 
coefficients of variation. These two paramenter distributions can be fitted 
to experimental-size distribution data by plotting or moment matching. 
The best fit values of the adjustable parameters for each of the distri- 
butions can be determined directly from plots or from computed values of 
the mean and variance." Insert by module author: Figure 3.1.4 shows the 
fitting of the ball mill grinding output by using normal distribution, 
log-normal distribution and by gamma distribution with a particle mean 
of 0.4120 mm, and a variance of 0.1467. 



Table 3.1.7. Commonly Used Empirical Size Distributions 
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"In the preceding discussion of f(d) and F(d') it was not specified 
whether these quantities referred to fractions of the total number of 
particles or fractions of the total mass or volume of particles in popu- 
lation. This is an important distinction and the ability to convert from 
one type of size distribution (e.g., fraction by number) to another (e.g., 
fraction by volume or mass) is required in many applications. Number 
distributions, denoted by f a (d) and F '(d) , are generally considered to be 
the most fundamental form of distribution. On the other hand, we often 
determine distributions experimentally on the basis of mass (e.g., sievin- 
and weighing). Hence the mass distribution, denoted by f~(d) and F (d') y 
is important in many instances. Figure 3.1.5 shows a comparison of a 
typical number distribution and the associated mass distribution for a 
particle assembly. The general relationship between a number distribution 
and a mass distribution can be obtained from the following equality for 
particles of size d to d + did) in any assembly: 



mass of particles of 
size d 



mass of particles of 
size d 



total mass of 
particles 



mass fraction 
of particles 
of size d 



mass of a 
particle 
of size d 



number of 
particles 
of size d 



Wf 2 (d) d(d) = ?Csd z NF Q (d) d(d) 



[3.1.15] 



where !1 is the total number of particles in the population, f (d) d(d) is 
the number fraction of the particles with size d to d + d(d), W is the 
total mass of particles in the population, f$(d) d(d) is the mass fraction 
of particles with size d to d + did), p is the solid density, and Cz is 
the volume-shape factor. If the solid density and volume-shape factor 
are independent of size, then equation [3 .1. 15] can be used in conjunction 
with the equations Sf Q (d) d(d) = 1 and ff 3 (d) d(d)= 1 for integration 
over all values of d to show that 



f Z (d) = 



~max 



d fo(d) 



I 



"min 



d°f Q (d) d(d) 



[3.1.16a] 



f a Cd) = 



J~ 6 f3(d) 



[3.1.16b] 



a max -3 
f d f (d) d(d) 

dmin 
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Figure 3.1.5 Illustration of the transformation of a size distri- 
bution from a number to a mass basis. 
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The last two equations permit the transformation from one type of size 
distribution to the other. The reader should use the above expressions 
to confirm the transformation fo(d)-*-fs(d) depicted in Figure 3.1.5. It is 
also instructive to compute the mean and variance of particle size for 
the number and mass distributions shown in the figure using equations 
[3.1.10] and [3.1.12]. Note that, in general, the mean and variance are 
different for the number size distribution and the mass size distribution. 

The preceding discussion of single property distributions has cen- 
tered around particle size distributions. Clearly, the same type of 
treatment can be made for any property of interest in a particle assem- 
bly. Thus for a general property z, (e.g., composition, strength, etc.) 
we can define f(0 dz, = the fraction of particles in the assembly with 
property z between r, and c+a'c, and F(z.) = the fraction of particles with 
property Z<f. From these definitions we can find the fractions in a set 
of discrete property intervals [c-i to 5£*l] and can compute means and 
variances of the distribution in an analogous fashion to equations 
[3.1 .7]-[3.1 .14]. In the general case, transformations from number to 
mass distributions can only be made if information is available concern- 
ing the relationship between the number and mass of particles in a given 
property interval. 

Up to this point we have treated the case in which only one property 
of the assembly is of interest. The representation of the distribution of 
two or more properties simultaneously is a logical extension of what has 
been done above. Let us say, for example, that we are interested in the 
distribution of size, d and the mass of some valuable constituent, m., in 
a particle assembly. In this case we can denote the number density 
function by fo(d t m A ). This joint density function may look something 
like that shown in Figure 3.1.6. From the joint density function fo(d,m A ) 
we can find the number fraction of particles with size between d and 
d+d(d) and mass of valuable between m A and m A + d(m A ) from the expression 

fo(d,m A ) d(d) d(m A ) [3.1.17] 

Geometrically this fraction can be represented by the volume under the 
density function curve between the differential limits shown in the figure, 
The distribution function is given by 

m' d' 

F (d',m' A ) = f S f (d 3 m A ) did) d(m A ) 

W V;» dmin [3.1.18] 



which gives the number fraction of particles with size less than d' and 
mass of valuable less than mfa. CI 
all fractions in the population). 



mass of valuable less than mfa. Clearly, ^oid^^ m A ) = 1.0 (the sum of 



The number size distribution (irrespective of the mass of valuable) 
can be recovered from f (d 3 m A ) by summing over all /^values: 
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Figure 3.1.6. Graphical representation of a two-property (size and 
mass of valuable) density function. 
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m A 
R max 

f (d)=I f (d,m A ) d(m A ) [3.1.19] 

A min 

and similarly the distribution of valuable (irrespective of particle size) 
can be found by summing over all sizes: 

f (m A ) = / f (d, m A ) did) [3.1. 20] 

dmin 

The two latter quantities are termed the marginal density functions for d 
and m^, respectively. The mean, variance, and coefficient of variation 
for s'ize and mass of valuable can be computed using equations [3.1.19] 
and [3.1.20] in defining equations [3.1.10], [3.1.12], and [3.1.13]. The 
transformation from number to mass distribution can be obtained from 
equation [3.1.15] written for particles of size d with mass of valuable m A . 

The above procedure for representing property distributions can 
be extended to any number of properties of interest (c , ? .....c, n -). 

12 " 

using the general joint density function /fc^n*. •-*£+). However, in 
practice it is rare to consider more than two properties simultaneously 
because of the complexity of the distributions." (End of quotation from 
Herbst). 
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Learning Activity Objective 

After completing the first section of this learning activity you 
should be able to describe the basic aspects of flow through a packed 
bed, and the associated mass transfer. After completing the second 
section of this material you should be able to describe fundamental 
concepts for the leach systems encountered in hydrometallurgical 
operations. 

3.2 Hydrodynamics and Mass Transfer For A Packed Bed 

3.2.1 Flow Through A Packed Bed 

Percolation leach systems include: in-situ, heap, dump and vat u-^- 
processes. They all appear to be a bed of solid particles with an 
aqueous phase flowing through the pores between particles. Flow 
patterns through a bed of solids are complex. It is, therefore, difficult 
to derive the velocity or any other transport properties from first 
principles. Usually empirical correlations are experimentally obtained 
and are relied upon for design purposes. A major parameter of interest 
in all these systems is the pressure drop required to achieve a certain 
volume flow rate. 

If the flow occurs under low pressure conditions, that is, it is 
slow enough, the rate of flow is essentially proportional to the pressure 
drop per unit length of packing, aP/L 






Q = k d AAP 



[3.2.1] 



Where Q = volume of fluid flowing per unit time, cm^/sec; 

A = cross-sectional area, cm^, 

kj = permeability coefficient, a constant depending on the fluid, 
temperature and the packing characteristics, cm 4 /dyne-sec (Equation 
3.2.1, known as D'Arcy's law, has been applied to the problem of the 
filtration of water through a filter cake). The kd term in Equation 3.2.1 
is often called the permeability, which is satisfactory as long as we 
carry out the test with the same fluid at the same temperature, but in 
general, it is more common and more desirable to define a specific per- 
meability P: 



»<<,=-?- 



[3.2.2] 



where n is the viscosity of the fluid. 
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This allows ? to be specific to the packing only and, therefore, allows 
the flow of other fluids, or the same fluid at other temperatures, to 
be predicted. The units of specific permeability P cm2, where the unit 
of specific permeability, the D'Arcy, is now defined as 

1 D'Arcy = 1 x 10 -8 cm 2 . 

A semi-empirical approach for the flow through a packed bed regards 
the packed bed as a bundle of tangled tubes of unusual cross section. 
The theory is then developed by applying the results for single straight 
tubes to the collection of crooked tubes, extremely irregular tortuous 
channels. 

The friction factor and Reynolds number for the packed bed is 
defined as 



h pu. 



Friction factor [3.2.3] 



dG 
V 



1-e 



Reynolds number [3.2.4] 



where aP = pressure drop between the inlet and outlet of the flow 
(gravitational force is included, i.e., aP = Ap + pgL) 



p = density of the fluid 
u 



superficial velocity (this is the average linear velocity 
of the fluid would it would have if no packing were present). 

L = length of the packed column 

a v = total particle surface/volume of the particle 

e = void fraction of the packed bed 

G = pu = mass flow rate. 

According to Brown et alH), the fraction of voids in a uniformaly sized 
packed bed is related to the sphericity of the particles, as shown in 
Figure 3.2.1. Since reliable voidage predictions are scarce and since 
this quantity is easy to measure, it is suggested that e be defined 
experimentally. 
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Figure 3.2.1. Voidage in uniformly sized, randomly packed beds (from 
Brown et al . [1]). 
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The pressure drop through packed beds of uniformly sized solid 
particles has been correlated by Ergun using the equation (2) 

AP g c = 150 0-f) 2 m + T .75 pug (1-e) [3.2.5] 
L e 3 d^ (3 e 3 

The Ergun equation can be applied both in laminar and in turbulent flow 
regions. The Ergun equation may be written in terms of dimensionless 
groups: 



(APP)(<)(^)= 150^ + 1.75 



[3.2.6] 



The graphical presentation of Equation [3.2.6] is presented in Figure 3.2.2. 

The pressure drop in Equation [3.2.6] represents two factors, the 
viscous energy and the kinetic energy losses. At low Reynolds numbers 
the viscous losses predominate and Equation [3.2.5] simplifies to as 
Blake-Kozeny equation 



APg c =050 ihffl(_^) 
L e i d 2 Re < 



20 



[3.2.7] 



At high Reynolds numbers only the kinetic energy losses need be 
considered. This is called the Burke-Plummer equation. 



AP g c = 1.75 l^e pu 



2 



Re >1000 



[3.2.8] 
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Figure 3.2.2. Sketch showing the general behavior of the Ergun equation 
on a log-log plot. (S. Ergun, Chem. Eng. Prog., 48, 93 
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Pressure drop in beds containing a wide range of size distribution 
follows the Ergun equation for single size particles. The "d" value is 
replaced by the average particle size, 8. Thus equation 3.1.3 becomes 



&P g c * 150 0-e) 2 VU Q + 1.75 1-e p^o 
L e 3 3 . "P" a 



[3.2.9] 



The voidage for a mixture of sizes cannot be estimated reliably. 
The factors that must be considered include: how solids are introduced 
into the vessel, their size, and also the shape of the size distribution 
curve. For example, if the size variation is large, the fine particles 
can fit into the void between the large particles, thus greatly decreasing 
voidage. Figure 3.2.3 illustrates this phenomenon when two size particles 
are mixed, the voidage of the packing depnds on the volume ratio and the 
size ratio. Actually, since voidage is a relatively simple matter to 
determine experimentally, there is no need to present equations and 
predictive procedure for finding it. 



Figure 3.2.3. 



Measured voidage in fixed beds of two sizes of spheres 
(by Furnas, from Zenz and Othmer [2]). 
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3.2.2 Mass Transfer Between Fluid And Solid In A Packed Bed 

Studies on mass transfer between fluid and solid phases in a packed 
bed show reasonable agreement for both flowing liquids and gasses. 
Representative data on mass transfer in packed beds for liquids are 
shown in Figure 3.2.4 as a graph of jd vs. Re. 

Re = due. [3.2.10] 

M 

where d = diameter of a sphere having the same surface as the particle 
p,u = density and viscosity of the fluid 
u = average fluid velocity, 

i = Jk Sc 2/3 [3.2.11] 

u 

where Jq = mass transfer j factor 

k,,, = mass transfer coefficient 

v 
Sc = Schmidt number = tq~ 

D = diffusivity 

The agreement in the data shown in Figure 3.2.4 between the several 
investigators is poor. The difference may be due to the difficulty in 
conducting the experiments. Sherwood(3) et al . have summerized the data 
and proposed a correlation shown as a single straight dashed line on 
Figure 3.2.4. The correlation which may be employed for engineering 
estimates is: 



iu<Ke<2»;>uu 

[3.2.12] 



j = JSsc 2 / 3 = 1.17 (dug.) !CXRe<2»500 

u u 



Correlations of the type shown in Figure 3.2.5 fails to allow for 
variations in the void fraction e, which in fixed beds of spheres and 
pellets. is typically 0.4 to 0.44 but may range from 0.3 to 0.5. 
Cupta^J et al. suggested there is an appropriate way to estimate, 
the correlation by plotting qn, vs Re (see Figure 3.2.6). Ranz(') 
summarized the correlation as 

Sh = 2.0 + 1.8 Sc 1/3 Re 1/2 Re>80 [3.2.13] 
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Figure 3.2.4. Mass transfer between flowing liquids and particles 
in packed beds. 
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Figure 3.2.5. Relationship between J^ vs 2? p G/u-effect of void fraction. 
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Figure 3.2.6. 



Fluid-particle heat and mass transfer in fixed and fluid- 
ized beds-eJ). , cJp. 
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3.3 Dump and In Situ Leaching Practices* 

3.3.1 Introduction 

In recent years the general field of hydrometallurgy has received 
renewed attention, initiated by two major developments. First, "con- 
sideration of the environment has focused strongly on the minerals 
producers because of localized emission and earth disturbance. Though 
small in the total of environmental damage, the minerals and metals 
industry is making a concerted effort to find and develop new tech- 
nology. Second, scarcity of materials, particularly raw material sources 
within the United States, has resulted in renewed exploration activity. 

The direct dissolution of metal values from an ore deposit is an 
v- intriguing concept considering the vast mineral wealth of the earth's 
QW^_Cursir which cannot be mined economically by normal techniques. Detailed 
rate studies of such systems are few, but significant progress is being 
made. Scale-up from laboratory to field is a monumental extrapolation 
requiring knowledge of mineral and ore fragment kinetics, hydrology, 
gas-flow characteristics, and complex solution chemistry. 

Bartlett' 1 ) has developed the basis for a pore-diffusion, mineral 
kinetics model under non-steady-state conditions. In its general appli- 
cation, this model has greatest potential in providing a fundamental first 
approximation of extraction kinetics from known porosity data, indivi- 
dual mineral kinetics, and solution chemistry. Useful steady-state models 
have been employed by Braun et alA^i for deep solution mining of copper 
sulfides, by Roman et at. ' 3 ) for leaching of oxide ores, and by Madsen 
et al*W for leaching of Cu2S under dump-leaching conditions. The 
steady-state solution is based upon a shrinking core model and is valid 
for the case in which mineral kinetics are relatively rapid compared to 
the effective diffusion rates in an ore fragment. Cathles and Apps^) 
have extended the shrinking-core model to include thermal effects as 
predicted from the chemical kinetics. The thermal gradients in turn 
influence air convection within the deposit. 

. 3.3.2. Leaching Systems 

3.3.2.1 Conventional Leaching Practice 

The leaching of low-grade ores, as in copper dump leaching, repre- 
sents an area in which significant advancement has been made in recent 
years. The leaching of low-grade materials is one of the oldest meta- 
llurgical operations known, but its physics and chemistry have been little 
understood. Heap leaching and vat (percolation) leaching are usually 
carried out on oxide ores somewhat higher in value than ores considered 
for dump leaching. Figure 3.2.7 illustrates each type of leaching 
operation. 



*Coordinator comment: The following material (Section 3.3) is quoted 
directly from Dr. Wadsworths' presentation in the text "Rate Processes 
of Extractive Metallurgy." It is reproduced here by written permission. 
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Figure 3.2.7. Various Types of Leaching 
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3.3.2.2 Solution Mining Systems 

Recently, in-place {in 3itu) leaching of ore deposits has received 
increased emphasis and appears to be an area in which significant ad- 
vances will be made in the near future. This type of hydrometallurgical 
operation is often referred to as solution mining. It is useful to 
consider dump leaching as part of solution mining since the physical and 
chemical features are similar to the leaching of fragmented or rubblized 
deposits in place. Much of what is to be expected from in situ ex- 
traction can be derived from current experience and practice in dump leach- 
ing. 

Deposits amenable to in situ leaching may be classified into the 
three general groupings shown in Figure 3.2.8. 

I. Surface dumps or deposits having one or more sides exposed, 
and deposits within the earth's crust but above the natural water table. 

II. Deposits located below the natural water table but accessible 
by conventional mining or well-flooding techniques. 

III. Deposits below the natural water table and too deep for 
economic mining by conventional methods. 

Dump leaching is placed in the first classification. Type II is 
characteristic of what is to be expected in the near future. Type III is 
expected to develop more slowly. 

Type I would be the leaching of a fractured ore body near the 
surface above the natural water table in the surrounding area. This 
would apply to mined out regions of old mines such as a block-caved 
portion of a copper mine, or regions which have been fractured by 
hydrofracturing or by the use of explosives. The chemistry and physical 
requirements would be essentially the same as in dump leaching. 

Type II refers to the leaching of deposits which exist at relatively 
shallow depths, less than approximately 500 ft, and which are under the 
water table. Such deposits will have to be fractured in place and de- 
watered so they may be subjected to alternate oxidation and leach cycles 
or percolation 7eaching, although the use of special OXldantS my elwM6 

remove/during Vox? alfofcycTe S'bAT '" ?* dep0sit ' if 
turnprf iinHor nu «.ii.. . . ri c '. e » mst °e processed. *tnraA =.«^ *. 
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The third general type (Type III) of solution mining is represented 
by deep deposits below the water table and below approximately 500 ft in 
depth. The ore body is shattered by conventional or nuclear devices. 
Again, the hydrology of the region must be well known for proper con- 
tainment of solutions. This represents a unique situation in that the 
direct oxygen oxidation of sulfide minerals becomes possible. 

3.3.3 Rate Processes 

3.3.3.1 Leaching of Sulfide Ores 

General Leaching Model. Virtually all researchers agree that the 
leaching of ore fragments involves penetration of solution into the rock 
pore structure. The kinetics thus involve diffusion of lixiviant into the 
rock where reaction with individual mineral particles occurs. The kinetics 
are thus complicated by changing porosity, pH, and solution concentration. 
BartlettO) applied the continuity equation to a system as described 
by Type III. The system is one in which a copper porphyry ore con- 
taining chalcopyrite as the major copper sulfide mineral, is subjected to 
oxidation under conditions proposed by researchers at the Lawrence 
Livermore Laboratory (LLL) for deep solution mining. (2) Diffusion of 
oxygen and subsequent reaction with mineral particles combine to give 
a non-steady-state concentration gradient within the ore fragment. 
This treatment provides a basis for modeling of all similar leaching 
systems. The shrinking core concept used by several researchers is a 
special case of this general treatment. Fiugre 3.2.9 illustrates the 
mineral fragment showing different regions at some time, t. Oxygen and 
copper gradients vary markedly over a broad zone in which chalcopyrite 
(Cp) particles extend from partly to totally reacted. The fragment, 
considered as spherical, may be viewed in cross section, as divided into 
annular rings of thickness hr. If J is the flux of dissolved reactant 
diffusing into and out of this incremental volume the continuity equa- 
tion for an individual ore framents is 

Where A is the area at radius r, and R is the rate of loss of reactant 
per unit volume because of reaction with mineral particles. Actually, 
this is a summation of rate processes for all mineral types and sizes, 
within the incremental volume. The porosity must be included since 
only the solution volume in involved. Combining equation (3.2.12) 
with Fick's laws gives for spheres 

- e f = *^0+f£; C3.2.13] 



- 
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Figure 3.2.9. Schematic Drawing Illustrating the Leaching of a Rock 
Containing Disseminated Chalcopyrite (Cp). 
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The evaluation of R requires a knowledge of the kinetics of dissolution 
of individual mineral processes. BartlettO) assumes these particles 
follow a log-normal size-distribution law. The evaluation of diffusion 
terms is accomplished by finite difference procedures for each rock 
fragment size. Using this method a matrix is developed from which the 
oxygen concentration profile may be determined for any given time, t. 
Knowing the oxidant concentration for each incremental volume makes 
it possible to calculate the rate of reaction within each volume for 
finite time At. The summation of metal release values for each incre- 
mental volume in turn summed over each finite time interval results in 
an evaluation of metal recovery versus time. Figure 3.2.10 illustrates 
percent extraction versus time 0) for a variety of porosities using this 
method. 

Reatian Zone Model. If the rate of reaction of individual mineral 
particles is fast enough, the region of partially leached minerals, 
Figure 3.2.7, is faily narrow. Such a condition is illustrated in 
Figure 3.2.11 where a reaction zone of thickness 6 moves topochemically 
inward during the course of the reaction. According to the reaction zone 
model steay-state diffusion occurs through the reacted outer region and 
is equal to the rate of reaction within the reaction zone itself. This 
model was. developed by Braun et al.'^J for the same ore as considered by 
Bartlett.'l) The effective area of mineral particles within the moving 
reaction zone is assumed to be essentially constant and independent of 
the mineral-particle-size distribution since new particles in each size 
fraction will begin to leach at the leading edge of the reaction zone 
just as similar particles are completely leached at the tail of the re- 
action zone. The rate of reaction within the reaction zone may be ex- 
pressed by the equation 

dn = ^P 2 6n r? ApC s k s [3.2.14] 

dt $ 

where 

n = moles of leachable mineral, 

t = time, 

«p = number of mineral particles per unit volume of rock, 

Ap = average area per particle in the reaction zone, 

k s = rate constant of mineral particle, 

C a = average concentration in the reaction zone, and 

27 = Avogadro's number. 



3.2.16 



Hydrometallurgy 



Dump-In-situ Leaching Practice 



Figure 3„2J0. Computed and experimental (3) extractions for the LLL 
San Manuel test to 1 year. 
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Figure 3«£.U. Reaction zone model with reaction zone thickness 6 
at concentration C s . 
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Diffusion through pores to the reaction zone may be expressed by the 
equation 

dn _ 4-nr 2 D 'Kh dC [3.2.15] 

dt <$>a dr 

where 

D' = effective coefficient of diffusion, 

Kfo - Henry constant, 

c = bulk solution concentration, 

$ = geometric factor to account for deviation in sphericity, and 

a = stoichiometry factor (number of moles of reactant required per 
mole of metal released). 

Equation (3.2.15) may be integrated for steady-state transport where for 
a given geometrical configuration the reaction dn/dt is constant for all 
values fo r and r Q „ The result is 

_ - 4-nDrr n h fn „ . [3.2.16] 

dt b<v -v)o !C -° s) 

Equations (3.2.14) and (3.2.16) are mixed diffusion plus surface reaction 
when a sharp reaction interface results. As before, these equations may 
be combined under the steady-state approximation giving for ore fragment 
of radius, r>j, 3 

[3.2.17] 
where J is the grade (weight fraction of copper sulfide mineral), 

6 A r P Sp k e, [3.2.18] 

r m _E_£_P - g = — ^-2- 

6p r P P 

where 

r = average mineral particle radius, 

pp = mineral particle density, and 
p r = bulk rock density. 
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Equation (3.2.17) may be integrated number ically and summed over all ore 
fragment sizes, equation (3.2.19). 






[3.2.19] 



where a„; refers to the fraction reacted in weight fraction tig, and a is 
the total size distribution. Weathering of large ore fragments roughened 
the surface. This was compensated by a correction term giving a variation 
of $d with time. Figure 3.2.12 illustrates the copper extraction curve 
calculated according to equation (3.2.17) using numerical integration. 
The sample weighed 5.8 x 10^ g and varied in particle size form 0.01 to 
16 cm. 

Madsen et al. ' applied the reaction zone model to the leaching 
of Butte ore for particles up to 6 in. in diameter. Columns, 5 ft in 
diameter, containing 5 tons of ore were used. The principal copper 
mineral was CuzS. Equation (3.2.17) in integrated form was used. Inte- 
gration leads to the equation 



2 _ |K _ n-./ /z 

3 i 



3' r , ,, ,1/3-, . y't 
oi io 



[3.2.20] 
where a 7 - is the fraction reacted for the ith particle size. Also 



B' = 



2D' 
oB 



[3.2.21] 



, 2MD'C 
Y' = - 



p a<b . 



[3.2.22] 



where M is the molecular weight of the copper sulfide mineral. Figures 
3.2.13a and 3.2.13b illustrate the calculated curves according to 
equation (3.2.20) for two types of ore. 



3.2.3.2 Leaching of Oxide Ores 

Roman et al. ^ ' have provided a model for the leaching of copper 
oxide ores using the shrinking-core model. They found that the surface 
reaction is fast so that only the diffusion term need be considered. 
Figure 3.2.14 illustrates a leach heap with a separate column of unit 
cross-sectional area, "unit heap", removed. Figure 3.2.15 illustrates 
the variation in acid concentration, copper concentration, and recovery 
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Figure 3.2.12. Extraction of copper from coarse-size primary sulfide ore 
at 90°C and 400 psia- 
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Figure 3.2.13. Modeling of dump leaching kinetics. 
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Figure 3.2.14. Schematic diagram of a leach heap. 




Figure 3. .15. Schematic diagram of a "unit heap" and the acid concentration, 
copper concentration, and recovery as a function of time 
and position in the heap. 
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for various times, t. Since acid is continually consumed the situation 
is very different from the case of dump leaching where ferric ion is the 
principal lixiviant and is generated continuously by bacterial oxidation 
of ferrous iron in solutiono The "unit heap" may be divided into reaction 
volume sections, shown in Figure 3.2.16. For j=n 3 the concentration 
entering the reaction volume is C°_ 2 and that leaving is C$. The 
consumption of acid is related to "the copper recovery by the expression 

dk „dCu [3.2.23] 

dt dt 

where a = (wt acid)/(wt Cu) consumed in the reaction. The value of a 
may be determined experimentally. The diffusion equation, according 
to the Roman model becomes 

da il _- ^i ""i/^ [3.2. 24] 



where a 7 - ? - refers to the fraction recovered from the ith particle size in 
volume increment j t G is the grade, P r is the ore density, $ is a geometry 
factor, and D' is the effective diffusivity. Equation (3.2.24) may be 
evaluated numerically and summed over all unit volumes of the "unit 
heap." Within one incremental volume 

a if | a igH [3.2.25] 

wherew^is the weight fraction of particle size i. Summing over all values 
gives the total fraction recovered 

t»Iflj"Z2ii .w. [3.2.26] 

■i J 3 i % 3 ^ 

Figure 3.2.1 7 illustrates calculated and experimental data for two 
column leach tests using a computer evaluation of equations (3.2.24) and 
(3.2.26). 
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Figure 3.2.16. Volume increments in vertical section of oxide ore. 
Each increment is assumed to have the same initial 
size distribution. 
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Figure 3. 2.17. Recovery vs. time for two experimental columns. 
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LEARNING ACTIVITY 3 

Learning Activity Objective 

After completing your study of the material in this learning activity 
you should be able to describe the types and the flow patterns for air 
lift pachuca tanks; you should be able to describe the basic differences 
between various types of impellers, their flow pattern, and you should be 
able to estimate the mass transfer rate in stirred reactors. 



3.4 Agitation Vessels 

3.4.1 Introduction 

A variety of unit processes in hydrometallurgy are carried out in 
stirred vessels where vigorous mixing action is required to achieve a 
uniform suspension of a solid phase (or a liquid phase) in an aqueous 
phase. Examples of stirred reactor systems are: 

(a) Leaching- the purpose of the reactor is to suspend and 
disperse the solid particles in an aqueous solvent to provide 
sufficient contact between the solvent and the mineral to 
promote fast mass transfer. 

(b) Solvent Extraction- the purpose of the reaction is to create 
contact by dispersion of two immiscible liquid phases; again 
to increase the rate of mass transfer. 

(c) Crystallization- the purpose of the reactor is to provide a 
suspension of the solid so that deposition may occur. 

(d) Other systems involve the dispersion of the gaseous reagents 
in an aqueous phase. 

The commonly used agitation vessels in hydrometallurgy operations 
can be divided into (1) impeller agitation mixers and (2) air lift 
agitation mixers. The selection and the design of the type of reactor 
for each individual process depends not only on the physicochemical 
properties of solid, liquid and slurry but also on the mechanical be- 
havior of the particles in the reactor itself. The physical character 
of the mixing action, the behavior of the fluid and the solid, the 
power requirement, the related mass transfer, the reactor design and the 
scale up problem for each type of reactor will be discussed in this 
section. 



3.4.2 Air Lift Agitation Mixer 



0) 



Gas (e.g. air, stream) can be used to accomplish the mixing in 
solid-liquid systems. Gas is not, however, effective for suspending 
rapidly settling solids but it can be used in high-density slurries 
having slow settling rates. A common technique is to inject air in 
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the center of a draft tube so that the pulp rises through the tube to 
overflow and return downward in an outer annular space. Vessels 
employing this principle are called Pachuca tanks. 

A Pachuca tank (shown on Figure 3.3.1) is normally about 22 ft in 
diameter and 45 ft in height. It is usually equipped with a center column 
about 18 inches in diameter. The vessel has a conical bottom (usually 
with a 60° inclined angle). Air is introduced at the apex of the cone. 
The conical bottom is intended to direct settled solids into a region 
from which they may be returned to the top of the tank through the center 
column by the fluid currents developed by the gas pressure. Air re- 
quirements for Pachuca tanks are shown in Table 3.3.1. The power 
required for air compression varies from 2 to 4 horsepower per 1,000 
cubic feet of pulp. Air pressure will depend on the tank height and 
pulp density. For instance, an air pressure of 40 psig is required 
for a pulp density of 1.65 and tanks 45 feet high. This high hydraullic 
pressure assists in dissolving gaseous oxygen which can be very useful 
for those reactions requiring oxygen. 



Table 3.3.1 Air Requirements for Pachuca Tanks 



Free air volume 
(standard cu ft/min) 



Measurement basis 



0.5 to 0.85 
0.5 to 0.6 
15 to 20 



per ton solids (density 60-65% solids) 
per sq ft surface area 
per 1,000 cu ft of pulp 



Source: Merritt, extractive metallurgy of uranium, Colorado School of Mines. 



All of the South African uranium plants and many of the Canadian 
and US plants use air-agitated Pachuca Tanks for treating uranium ore 
in preference to mechanically agitated tanks. This preference is partly 
based on the concept that Pachucas are less costly to operate and have 
fewer operating and maintenance problems in comparison with tanks em- 
ploying mechanical agitation. 

3.4.2.1 Types of Pachuca Tanks 

The first requirement of a Pachuca tank is that it maintain a 
suspension of solids in liquid, that it not allow solid to settle 
cumulatively. The second requirement is that it aerate the pulp contained 
in it. Finally, it may be required to scrub films off the solid particles 
present to increase the mass transfer. 
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Figure 3.3.1. Sketch showing types of a pachuca tank discussed. 



AIR 




A. Full -center-column tank 

B. Stub-column tank 

C. Free-airlift tank 

Source: Reference 1 . 
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Depending on the length and the position of the center tube, 
Pachuca tanks can be classified into the types; full -center-column tank; 
stub-column tank; and free-airlift tank. A brief discussion of the vessels 
and the flow pattern for each type are given as follows: (a more 
detailed description can be found in Reference 1). 

Full -center-column Tank . The original pachuca tank had a central 
tube for almost the full tank length (flow as a function of tank height 
is shown in Figure 3.3.1). Air is introduced at the bottom of the tube. 
This causes pulp to rise in the tube and circulation is developed in 
the tank. This type of Pachuca tank yields a high velocity of the pulp 
but results in a low circulation rate. 

Stub-column tank . The second type of Pachuca tank evolved by 
experimentation in cyanide practice, :is recorded by Von Bernewitz, 
when the upper sections of the full-length air-lift tube were successively 
raised slightly and then removed. This discovery resulted in the develop- 
ment of tank having the center tube extending as a stub only to the top 
of the conical section (Figure 3.3.1). The rate pulp circulation varied 
with the position of the pulp in the column shown in line B Figure 3.3.2. 
Below the top of the center tube the rate of circulation behaves as the 
tank with a full length of the tube. Above the top of the center tube 
free air-lift exists and the pulp circulation rate increases. 

Free-air-lift Tank . The third type of the tank is used universally 
in South African uranium plants. In it, the center tube has been completely 
removed (Figure 3.3.1). The velocity of the pulp is low, but the rate of 
the pulp circulation is usually higher (C. Figure 3.3,2) due to the cross- 
flow pulp in addition to the up-flow pulp. A schematic diagram of the 
flow pattern of the air-free-lift Pachuca tank is presented in Figure 3.3.3. 

3.4.2.2 Selection of Pachuca Tank 

In the metallurgical industry, there is not sufficient data to 
allow quantitative matching of the characteristics of the various 
Pachuca tanks with the needs of a particular ore leaching operation. 
A qualitative assessment of the characteristics of each type of tank 
will, however, assist in general considerations of their applicability 
and perhaps in attaching meaning to comparative leaching tests in the 
various kinds of vessels. 

For applications requiring particle scrubbing, the mechanical 
agitator should be expected to be superior to any air agitated tank. 
Scrubbing is related to the amount of shear, which in turn, is a function 
of relative velocities and of energy transfer rates. Of the pachuca 
tanks, the full -center-tube vessel develops the highest relative 
velocities. This tank may be better than the other Pachuca tanks. 

Aeration is obviously best in the free-airlift and stub-column 
tanks. The improved gold extraction reported by Von Bernwitz(') in 
the progressive conversion of a full -center-tube tank to a stub-column 
tank was probably caused by improved aeration. 
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For solid suspension, the full -center-column tanks would appear to 
be superior to the free airlift tank. Figure 3.3.4 shows that the pumping 
rate in the free airlift does not equal that in a stub column until a 



Figure 3.3.2. Pumping rates in various types of pachuca tank. 
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Line A— Full-Center-column tank, 18 in. X 45 ft. column. 
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Notes— Air rate 300 cu.ft„/min Specific gravity 1.6. Pulp depth 
45 ft. 



Source: Reference 1 . 
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Figure 3.3.3. Representation of flow in a free-airlift pachuca tank. 




Tank size 22 ft. 6 in. X 45 ft. of pulp. Air rate 300 cu.ft./min. 
Specific gravity 1.6. Solution vapour pressure zero. Number of flow lines 
shown entering the rising pulp stream per foot of height is proportional 
to the volume rate of flow developed from each level. 

Source: Reference 1 
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Figure 



3.3.4. Variation of energy transfer rates with tank depth. 
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Line B— Overall average transfer rate 

Line C--Differential transfer rate at the top of the tank. 

Notes— Air rate is 100 cu.ft./min. in each case. Specific gravity 
1.6. Solution vapour pressure zero. 

Source: Reference 1 . 
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height of about 10 feet above the bottom is reached. The free airlift 
tank, therefore, will have a tendency to accumulate solids at the bottom 
to a greater extent than the tanks having center columns. 

3.4.2.3 Scale-up Parameters 

Pachuca tanks are usually used in the leaching processes where 
highly intensive agitation is not the main concern. It is fortunate 
that at least in most uranium and gold cyanidation operations, the 
process is not particularly sensitive to mixing intensity. 

In comparing Pachuca tank operations from place to place, and in 
designing new installations, two different dimensional factors are 
commonly used. One refers to air consumption in terms of cu. ft./min. 
per ton of solids contained in the tank. This is equivalent, for 
standardized pulp and solid density conditions, to cu. ft./min. of air 
per cu. ft. of tank volume. The other basis refers to air in terms of 
cu. ft./min. per sq. ft. of tank top area. The first demensional factor 
implies that the air requirements vary with the area and the depth, the 
second implies that tank depth is unimportant. 

Since air-agitated tanks in metallurgical industries are usually 
used primarily for solid suspension, bottom conditions are most important. 
Perfect scale-up and analogy in that case exists where the cu. ft./min. 
per sq. ft. per ft. absolute static pressure at the tank bottom is 
maintained equal from tank to tank. Small scale testing of Pachuca 
tanks can be made with confidence on such a basis. 

3.4.3 Impeller Agitation Mixer^ 2 » 3 »4) 

3.4.3.1 Impellers 

When high intensive agitation is required for a hydrometallurgical 
process, the mechanical agitation vessel may be necessary. Normally the 
mechanical agitation is provided by means of an impeller. Impellers can 
be included in many types of tanks. 

Normally the impellers have been classified according to their 
physical form, i.e., propeller, paddle and turbine. The first type 
creates axial flow, the paddle creates tangential flow and the turbine 
creates both axial and radial flow. The type of flow created by an 
impeller depends on the angle the blade makes with the shaft. Turbine 
and paddles have an angle less than 90 degrees. Schematic diagrams of 
a propeller, turbine and paddle and their flow patterns are shown in 
Figure 3.4.5. 

Propellers are essentially high-speed impellers of the axial - 
flow type (discharge flow parallel to the agitation shaft). Propellers 
may be used in low viscosity liquids almost without restriction as to 
the size and shape of the vessel. 
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Figure 3.3.5. Classification of Impellers by their flow pattern. 
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Source: Reference 2. 
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An often used propeller is the marine type which usually has three 
blades. The ratio between the total blade area (projected area) and 
the disk area ranges from 0.45 to 0.55. And the driving face of a 
blade is flat or concave while the back side is convex. 

Turbines are impellers with essentially constant blade angle with 
respect to a vertical plane having blades either vertical or set at an 
angle less than 90° with the vertical shaft. Blades may be curved or 
flat. There are two basic physical forms of the turbine, the flat- 
blade radial discharge style and the pitched blade axial thrust type. 
The flat blade discharges radially, creating suction from both top and 
bottom. Customary operation is in a peripheral speed range from 600 to 
900 ft/min. Blade widths are generally 1/5 to 1/8 of the vessel diameter. 
The pitch blade impeller has a constant blade angle over its entire 
blade length. Its flow characteristic is primarily axial but a radial 
component exists and can predominate if the impeller is located close to 
the tank bottom. The blade slope can be anywhere from 0° to 90°, but 
45° is the commercial standard. 

There are other modifications of the turbine impeller, but the 
performance is affected in only a minor way. Figure 3.3.6 illustrates 
the conventional turbines. 

The physical form and the power correlation for the basic form of 
paddles is similar to the turbine type impeller. But it is worthwhile to 
retain the distinction for several reasons: the basic paddle is operated 
in a laminar range, or in the transition and turbulent range without 
baffles. Turbines are usually run at higher speeds. Paddles usually 
have large D/T ration (D= diameter of the impeller, and T= diameter of 
the tank). And the basic paddle design is not particularly effective 
for many process operations involving high viscosities. A schematic 
diagram of the basic paddle and its modifications are shown in Figure 3.3.7, 

3.4.3.2. Flow Pattern In Impeller Stirred Tank 

Unbaffled tank : If a low-viscosity liquid is stirred in an un- 
baffled tank by an axial ly mounted agitator, there is a tendency for a 
swirling flow pattern to develop, regardless of the type of impeller. 
Figure 3.3.8 shows a typical flow pattern. The fluid moves in a cir- 
cular pattern and the vertical velocity is low relative to the circum- 
ferential velocity. A vortex is produced because of the centrifugal 
force acting on the rotating fluid. This type of agitation, in fact, 
often results in separation rather than mixing. Increased vertical 
circulation rates may be obtained by mounting the impeller off center 
as illustrated in Figure 3.3.9. 

Baffled tank : For vigorous agitation of thin suspensions, a tank 
is provided with baffles which are flat veritcal strips set radially 
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Figure 3.3.6. Turbine impeller designs. 
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Source: Reference 2. 
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Figure 3.3.7. Paddle impeller designs, 
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Figure 3.3.8. Typical flow pattern for either axial-or radial- flow 
impellers in unbaffled tank. 
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Figure 3.3.9. Flow pattern with paper-stock propeller, unbaffled 
vertical off-center position. 




Source: Perry, Chem. Engr. Handbook, McGraw Hill 
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along the tank wall (illustrated in Figures 3.3.10 and 3.3.11). Four 
baffles are almost always adquate. A common baffle width is one-tenth 
to one-twelfth of the tank diameter. For agitating slurries, the baffles 
are located one half their width from the bottom of the vessel wall to 
minimize accumulation of solid on or behind them. 

3.4.3.3 Energy Dissipation and Power Characteristic 
of Stirred Tanks 

In a stirred tank the impeller continuously dissipates energy 
into the fluid by creating circulation and eddies in the fluid phase. 

The motion of a single fluid phase is affected by first, the linear 
dimensions which fully define the geometrical boundary conditions such 
as the shape for the tank and impeller; second, the fluid properties such 
as density and viscosity, and third, the kinematic and dynamic character- 
istics of flow such as velocity, power imput or resisting force and the 
forces of gravity. 

Dimensional analysis gives the general equation for the relation- 
ship of these variables for stirred vessels: 

f ( D 2 Np £N} Pc[c D, D, D, D> D, D 3 nZ) =n 
V 9 PN^D 5 T 2 C P W I n 2 

[3.3.1] 

where D = impeller diameter, 

T =tank diameter, 

Z =liquid depth, 

C =clea ranee of impeller of vessel bottom, 

f> =blade width 

p =pitch of blades, 

n =number of blades 

T- =blade length 

p =density 

k =viscosity 

P = Power 

if =impeller rotational speed 

9 =gravitational acceleration 

9 C =Newton's law conversion factor. 

For two agitation systems to be similar, all groups in Equation 3.3.1 
have to be equal in the compared systems. The last seven terms in 
Equation 3.3.1 represent the condition of geometric similarity which requires 
that all corresponding dimensions in systems of different sizes bear the 
same ratio to each other. 

Given geometric similarity, two systems are dynamically similar 
when the ratios of all corresponding forces are equal. Kinematic 
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Figure 3.3.10. Typical flow pattern in baffled tank with propeller 
or axial-flow turbine positioned on center. 
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Figure 3.3.11. 



Typical flow pattern in baffled tank with turbine 
positioned on center. 
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Source: Perry, Chem. Eng. Handbook, McGraw-Hill 
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similarity requires that velocities at corresponding points be in the 
same ratio. Equation 3.3.1 can be reduced to: 

f( D 2 Np t DN 2 Pg a )=0 [3.3.2] 

p g D 5 N 3 p 

where D 2 Np = Re, Reynolds number 

DN 2 = sr^roude number 
9 

Pgn =PWyPower number, equivalent to friction factor 
DWp 

Equation 3.3.2 can be rearranged to yield: 

Pw = K 2 (Re) a (Fr) h [3.3.3] 

In presenting data graphically, the usual technique in fluid flow is to 
plot the Reynolds number on the abscissa in a logarithmic plot. To 
facilitate this, Equation 3.3.3 can be rewritten: 

$ = Pu> = K 2 (Re) a [3.3.4] 

(FrP 

For a fully baffled tank, the Froude number is generally important. 
The exponent b is equal to zero, and $=Pw. Typical curves of § vs Re 
are shown in Figure 3.3.12 for configurations often used in practice. 
For fully baffled conditions, and in the laminar range <f> can be assumed 
to be Pw. 

The value of $ as a function of Reynolds number for propeller 
impellers is shown on Figure 3.3.13 under various conditons listed in 
Table 3.3.2. The correlation for turbine impellers in baffled vessels 
is shown in Figure 3.3.14. And the correlation for paddle impellers 
is shown in Figure 3,3.15. A detailed discussion on power data for 
stirred tank can be found in Reference 2. 

The above discussion on the power correlation is necessary for a 
Newtonian fluid. The correlations still apply for non-Newtonian fluid, 
however, the viscosity of the fluid has to be determined under the condition 
of the operation. The viscosity is defined as 

v = x3o [3.3.5] 

du/dr 
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Figure 3.3.12. Characteristic impeller power curves. 
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Figure 3.3.13. Propeller power correlation, 
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Source: Reference (2). 
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Figure 3.3.14. Turbine Power Correlation. 
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Figure 3.3.15. 



Power characteristics of peddles in Newtonian fluids 
(a) T and L, fixed; (b) T and L, varied. 




Source: Reference 2. 
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where y = viscosity 

t = shear stress of the impeller 

du/dr = shear rate of the impeller 

u = velocity of the impeller blade, 



Table 3.3.2. Values of <j> for Three-Blade Propellers 



Curve 



Source 



p/D 



D/T 



<ji at Reynolds No. of 
5 300 T05 



l a 
2 a 

3 

4 

5 

6 a 

7 

8 



(R5) 

(R5) 

(B5) 
(B5) 
(B5) 
(R5) 
(R5) 
(R5) 



1.02 


0.33 


8.3 


0.60 


0.22 


1.0 


0.31 


8.3 


0.60 


0.25 


1.0 


0.40 


9.7 


0.75 


0.30 


1.0 


0.33 


9.7 


0.82 


0.35 


1.4 


0.33 


9.7 


1.04 


0.54 


2.0 


0.31 


8.7 


1.00 


0.52 


1.8 


0.30 


9.7 


1.27 


0.86 


2.0 


0.31 


8.7 


1.10 


1.0 



a No baffles 



Figure 3.3.16 shows the fluid behavior for various models: Newtonian 
fluid Bingham plastic, pseudoplastic and dilatant fluid. The shear rate 
to the impeller speed is characterized by the equation: 



dv 'av 



[3.3.6] 



where K is a constant and N is the impeller speed. Once the viscometric 
curve (shear stress vs shear rate, Figure 3.3.16) for the fluid under 
study is obtained, then the viscosity can be calculated. And the power 
requirement can be predicted from a Pw-Re plot by using a suitable Re 
number. 

3.4.3.4 Suspension of Solid In A Stirred Tank 

Slurry characteristics . Suspension of a solid in a liquid medium 
will be obtained when the rising velocity of the liquid phase equals 
or exceeds the settling velocity of the particles. The fluid flow 
pattern is a function of impeller and tank selection as previously 
mentioned. Particle settling velocity is a function of the gravitational 
force, fluid drag, and other hindering factors refered to below. 

Settling velocity of particles may be calculated from empirical 
correlations of drag coefficient and particle Reynolds number: 
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Figure 3.3.16. Summary of steady-state non-Newtonian models (the 
Newtonian model is shown for reference). 




Two-parameter models 
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r° = ( Y± ) 1/Z l z 2 

The correlations at 25° for strong electrolytes are shown by the family 
of curves presented in Figure 1.2.2. Each curve represents the behavior 
of a given electrolyte, so that when one value of r° for a strong 
electrolyte is known at a given concentration, the entire curve for this 
salt can be estimated from Figure 1.2.2. 

For example, if we want to determine the mean activity coefficient 
of KOH at a concentration of 9 molal, first the activity coefficient at 
some other molality must be found. From the literature, it is found 
that when I = 2, y± = 0.863 which corresponds to logr° = 0.064. If this 
point is located on the correlation plot, the appropriate curve can be 
used to determine logr° at I = 9. Following this procedure, logr° is 
found to be 0.66 which corresponds to a mean activity coefficient of y = 
4.57. Location of the proper curve requires knowledge of at least one - 
value of logr° at a given ionic strength. 

In addition to this correlation, relationships have been established 
which allow calculation of the reduced activity coefficient for a given 
salt at temperatures other than 25°C and for mixed electrolyte systems. 

1.2.3 Determination of Individual Ionic Activity Coefficients 

Individual ionic activity coefficients can be determined by a number 
of techniques: 

- experimental data (mean salt method) 

- theoretical relationships (Debye-Huckle equation) 

- empirical extension of theoretical relationships 

Each technique has its own limitations which must be considered for a 
particular application. 

Experimental Data 

Experimental activity coefficient data is usually tabulated (Appendix 
A) or presented graphically with the mean activity coefficient as a function 
of ionic strength (Figure 1.2.3). Using this data to calculate individual 
ionic activity coefficients is accomplished by the mean salt method. The 
mean salt method is based on the Maclnnes assumption that 



r ±KCl 



= (Y K *Y cl -) % = Y K + = Y C1 - [1-2.15] 



From this relationship individual ionic activity coefficients can be 
calculated from experimental mean activity coefficient data at a specified 
ionic strength . 

For example, the activity coefficient for cupric ion in 0.05 M copper 
sulfate solution assuming complete disassociation would be calculated in 
the following way: 
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Figure 1.2.1. Standard State for Solutes. 
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Drag coefficient 

gm (p -p) 4gd(pp-p) 



[3.3.7] 



C D = - 

PPp A p u 



3pu 



and particle Reynolds number 
Re. *4M$L 



[3.3.8] 



where p and p = densities of the fluid and the particle, respectively 

A = cross-section area of the particle 

m = mass of the particle 

d = diameter of the particle. 

The empirical correlation between C Q and Re is shown in Figure 3.3.17. 

The important parameters influencing the settling velocity are 
density difference between liquid and solid, size and shape of solid, and 
other factors summerized as follows' 4 ) 



1. 



2. 



Terminal velocity increases with an increase in 

a. density of the discrete particle, and 

b. mass of the discrete particle. 



Terminal velocity decreases with a increase -j n 
cross-sectional area of the particle 
irregularity or roughness of the particle surface, 
spread in size spectrum of the particles, 
concentration of solids in the slurry 
free space between particles, and 
viscosity of the fluid medium. 



a. 
b. 
c. 
d. 
e. 
f. 



Conditions 2c, d, and e lead to a state commonly termed "hindered 
settling." As a rule of thumb, the hindered settling can be assumed 
to exist with solids concentrations starting at about 40% by volume 
and higher. The settling rate is reduced by non-Newtonian behavior of 
the slurry. 

Slurry Suspension in Stirred Tanks . Zwietering^ ' studied the 
slurry suspensions by using various type of impellers and liquids in 
baffled agitation tanks. He defined a critical speed N at which no 
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Figure 3.3.16. Summary of steady-state non-Newtonian models (the 
Newtonian model is shown for reference). 
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Figure 3.3.17. Drag coefficient for spheres, disks, and cylinders. 
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solids remained on the vessel bottom, as 

J* 0.45 . , 0.1 ,.^. n]D 0.13 

^(-) g Cp p -p)y d(100)R 

N a = J3.8S 0.55 [3.3.9] 

D p 

where R is the weight ratio of solid to liquid, and <? ranges from 1.0 
to 2.0 (averaging 1.5) and the exponent, t, is approximately 1.4. 

3.4.3.5 Mass Transfer To Particles In Agitation Tanks 

Mass transfer between a fluid and small suspended pari teles is 
important in many industrial situations. The mass transfer from solid 
particles suspended in a liquid in an agitated vessel will be discussed 
briefly. The vessel is usually a cylinder with several vertical baffles 
fixed to the walls. The agitation is provided by a turbine or propeller 
impeller. 

There are many variables involved in mass transfer to and from par- 
ticles in agitation tanks, e.g., geometry of the vessel, nature of the 
baffles, type of impeller, speed of rotation, power imput, and slurry density 
all vary with the vessel design and the type of operation, Physical 
variables include liquid density, viscosity, and molecular diffusivity 
of the fluid phase. The size distribution, shape, and density of the sus- 
pended particles may also be important. The diffusion into a porous 
particle and the rate of chemical reaction may complicate the reaction. 
It is not surprising that there is no reliable general correlation of 
mass transfer coefficients for such systems. 

Herriott(6) has recommended a method of predicting the mass trans- 
fer coefficient for particles suspended in baffled tanks. The procedure 
is summarized here: 

Step 1. Calculate the terminal velocity and the corresponding 
Reynolds number based on the particle diameter. Use a density differ- 
ence of 0.3 g/cc rather than the true value for very light particles. 
Depending on the Reynolds number of the particles, the terminal velocity 
can be calculated by Newton's law, intermediate law, or Stoke's law, 
which are listed on Table 3.3.3. 
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Table 3.3.3. Drag coefficient and terminal velocity for spheres 

Lav/ of Settling Drag Reynolds Critical Particle 

settling Velocity Coefficient Number diameter above which 

law will not apply 

Stoke's law u= gd 2 (p £ -p) C=24/(Re) 0.0001 <Re<20 K cr = 3.3 

(laminar 18y p 

settling) 

Intermediate u = - 153 g°' 71d1 " 14 ( p s- p )° -7 ' C=18.5/(Re) °- 6 2.0<Re<500 K =43.5 
pU.^y v u.ki P cr 



Newton's /qd(p„-p) 

law (turb- u= 1.74/ * s C=0.44 500<Re<200,000 K cr =2,360 

ulent sett- J ' p 

ling) 



The critical particle diameter is defined as 

d = K r v 2 1 1/3 [3.3.10] 

cr cr gp(p p -p) 

The Reynolds number of a particle is defined as 

Re = ^f [3.3.11] 

v 

Step 2. Calculate the mass transfer coefficient,k c * for a particle 
falling at its terminal velocity from the equation, 

Sh = 2+0.6 Re°* 5 Sc 0,33 

where Sh = Sherwood number = k* d/D r 

D = diffusivity of diffuse species 

Sc - Schmidt number = y/pD 

Step 3. Calculate the ratio of mass transfer coefficient, k, for a 
agitation system from the ratio k c /k c * from Figure 3.3.18. 

ND 2/3 (D/T) (T/Z) 1/3 = 200 in^^in" 1 

The symbols have been defined previously (Equation 3.3.1) and D/T=0.5. 
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In Figure 3.3.18, use the lower curve for D >10" 5 cm 2 /sec and the upper 
curve for D =10~6 cm 2 / sec. 

Step 4. Extrapolate to the given stirrer speed with the slopes 

of the line in Figure 3.3.10 (0.5 for particles larger than 100 y and 

0.3 for 15 -y particles). A slight correction can be made for low 
values of D/T. 

For impellers other than turbines the coefficients are probably 
between the values predicted for a turbine operating and at the same 
speed and operating at the same power consumption. For vessels where 
there is no impeller (mixing done by recirculating the liquid) or only 
intermitted stirring, the coefficient is probably 1.2 to 1.5 k c *. 



3.3. 



Hydrometall urgy 



Agitation Vessels 



Ci 



o * u 

■r- ^£ 



CD +J 

o c 

<_> OJ 

i- o 

<D •<- 
4- >4- 
1/5 <4- 

E Ol 

fo o 

S- o 

■*-> 

S- 

is> ai 
to M- 

rO 1/1 
E C 

>a 

-D S- 
S- 4-» 
IO 

■a ifl 
c to 

-l-> E 

in 

E 
c =3 
V E 

OJ •.- 
2 C 

+-> 1- 
<D E 

XJ 

■o 
c c 

O ra 



ro 






00 

• 

ro 

ai 

i- 

3 



• •- 














— 


— 







"" 




— 


r 










■ 
J 










1 


a 


O 

CJ 

$ S 












i 






2 
a. 






1 

! 


,. r , | ,, 








> 


S £ 
x 2 










1 — 1 


' iq 1 t 1 

c ir c 

XXX 
1 1 1 
XXX 

000 
000 

2 Z 2 

■ i*i 
O © <3 


u 

< 

! 

« ! 


T 


a: ' 




• i 






1 






n 1 


| 


. 











1 




1 — ro ■ ■ ■ 



















2 

— tr 

1 

I 

1 






l P 






• 























/ 








" lr 




* 








/ 
/ 

§ 


/ 


a 




\ ~4 ' 










/ 


1 


F 


-• — 








/ 














il • ! 










■\ ' 


1 






1 


1 \ i 


1 











\ 




4 
















! 


1 






i 

w— — — — ■ ■ ■-■- 












\; 







VD 

















CVJ 










• 

to 




O 


0) 





w 











c 




f- 







<u 





a. 


0) 




Q 


cc 
















■- 







3 



<* 




oo 









ro 






O 






CM 







JX 



p(RQlOOK>0*0 0" 

,° 10 *T ' <f rO ro c\i cvi — — 



o 



3.3.27 



Hydrometallurgy 



Agitation Vessels 



Figure 3.3.19. Relation between mass transfer coefficient and agitation 
intensity, ND 2 ^ 3 ,5_x /T* , for various particle sizes, 
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LEARNING ACTIVITY 4 

Learning Acitvity Objective 

After completing your study of this learning acitivity material you 
should be able to describe the fundamental features of three basic chemcial 
reactors; you should be able to list the important parameters that 
govern the design of a reactor; and you should be able to complete a 
design work sheet. 

3.5 Reactor Design 

3.5.1 Types of Reactors^ 1 ) 

In reactor design we are asked to determine the size and type af 
reactor and method of operation which are best to accomplish a given task. 
There are many factors involved in predicting the performance of a reactor, 
such as time, rate of production, concentrations, temperature, rate of 
reaction, geometry of the reactor, flow pattern and mixing in the reactor. 

Broadly, the reactors encountered in chemical production can be 
categorized into three general types: the batch, the plug flow, and the 
mixed flow (continuous agitation) reactors. The basic features and the 
ideal application of these reactors are discussed in this section. 

In the ideal batch reactor shown in Figure 3.4.1a the reactants are 
initially charged into a container, are well mixed and are left to react 
for a certain period of time. The resultant mixture is then discharged. 
This is an unsteady state operation where the composition changes with 
time, however, at any instant the composition throughout the reactor is 
uniform. The resident time of the reactant in the reactor is simply the 
time of operation. 

The batch reactor is simple, easy to control, needs little supporting 
equipment, and is, therefore, ideal for small-scale experimental studies 
on reaction kinetics. Industrially it is used when relatively small 
amounts of material are to be treated. 

The plug flow and mixed flow reactors are operated under steady- 
state conditions. The reactants are continuous charged to the reactor 
and the reaction products are simultaneously discharged from the reactor. 
The steady-state flow reactor is ideal for industrial purposes when large 
quantities of material are to be processed and when the rate of reaction 
is fairly rapid. These reactors require a large amount of supporting- 
equipment; however, extremely good product equality can be obtained. 

The plug flow reactor is also known as a piston, tubular or un- 
mixed flow reactor. Ideally, the flow of the fluid through the reactor 
is orderly with no element of fluid overtaking or mixing with any other 
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Figure 3.4.1. The three types of ideal reactors: (a) batch reactor, 
(b) plug flow reactor, and (c) mixed flow reactor. 
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fluid element ahead of it or behind it. There may be laterial mixing of 
fluid in a plug flow reactor; however, there must be no mixing or diffusion 
along the flow path. The necessary and sufficient condition for plug flow 
is for the residence time in the reactor to be the same for all elements 
of fluid. The results of a impulse response tracer test(') for an ideal 
plug flow reactor is shown in Figure 3.4.2a, which indicated that all 
the tracer elements injected into the reactor are retained in the reactor 
for the same time. 

The resident time of a packed bed reactor can be calculated by the 
equation: 

t=^ (time) [3.4.1] 

o 

where t = resident time 

V = volume of the reactor 
v = volume flow rate of the fluid 

e = voidage of the packed-bed. 
For homogeneous reaction, the resident time will simply be 

t = l~ [3.4.2] 

o 

The other ideal steady-state flow reactor is called the mixed 
reactor, the backmix reactor, the ideal stirring tank reactor or con- 
tinuous agitation reactor. It is a reactor in which the contents are 
well stirred and uniform through. Thus the exit stream from this reactor 
has the same composition as the mixer within the reactor. 

Unlike a plug flow reactor in which all the elements of the fluid 
stay the same amount of time in the reactor, in the mixed flow reactor 
the element of the fluid or slurry takes different routes through the 
reactor which may require different lengths of time to pass through the 
vessel. The distribution of the times of the stream of fluid or slurry 
leaving the vessel is called the resident time distribution. The 
response of impulse tracer test for an ideal mixed flow is shown in 
Figure 3.4.2b. The resident time distribution for a ideal mixed flow 
can be derived mathematically, and the results are 

, -t/t 
E(t) = -i-e [3.4.3] 
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Figure 3.4.2. Properties of the E curve for various flows. 

Curves are drawn in terms of ordinary time units, 



- -5 ■' - - 



Mued flow 



L-h 



€Z> Er 



E = C 




Source: 0. Levenspiel , Chemical Reaction Engineering, John Wiley 



3.4.4 



Hydrometallurgy Reactor Design 

where E is the resident time distribution 

Edt is the fraction of exist stream having a resident time between t 
and t + dt, 

t is the average retention time which is equal to V/v 

where V, v~ are volume of the reactor, and the volume flow rate of the 
reactant, (Note: for fluid-particle reactions, the volume can be taken 
as the particle-free volume or volume of particles plus fluid as long 
as volume flow rates and kinetic terms are defined in a consistent 
fashion). 

3.5.2 Design Parameters 

3.5.2.1 Review of the Kinetics Of Fluid Particle Reaction 

This topic has been discussed in detail previously in Module 2, 
Learning Activity 6. 

Recall that fluid-particle reactions can be ideally described by 
two models: the progressive-conversion model and the shrinkinq-core 
model. Due to physical characteristics of most particles, the shrinking 
core model approximates real leaching systems better, in most cases, than 
does the progressive-conversion model . 

Because of the irreversible character of most leaching reactions, the 
rate of the leaching reaction (when the shrinking core model controls 
the rate) can be controlled by any one of the following steps: 

1. transfer of mobile species in the fluid phase across the 
the fluid film by diffusion and convective mass transfer 

2. transfer of mobile species in the fluid phase across the solid 
product layer by pore diffusion or solid state diffusion to 
the reaction interface 

3. chemical reaction at the unreacted core/product layer inter- 
face (involves solid species and mobile species). 

The rate equations for each controlling step are usually expressed 
in terms of the fraction of solid reacted, a, which prirnarly depends on 
the rate constant, the diffusivity of the mobile species, the stoichio- 
metry, the concentrations of the mobile species and the solid, particle 
size etc. The integrated rate equations are summerized in Table 3.4.1 
for the case of the formation of a product layer and for the case of a 
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shrinking particle (without the formation of product layer). 

Table 3.4.1 Rate Equations for Shrinking Core Model 

A. Formation of Product Layer aA/ -> + bB/ f N -*■ cC# » + dD,,.^ [3.4.4] 

1. Film Diffusion Controls 

6 a k C D ,,x t 
Equation: a = b m p b) [3.4.5] 

2. Product Layer Controls 

Equation: 1 - § a - (1 - a) 2/3 = 8 a D B(eff) C B(b) t ^^ 

b p A d 

, 36, + 4ir -, 
or a = 1 - [ y+ cos( ^ )Y [3.4.7] 



where 3e 1 = cos _1 ( p- - 1 ) 

b p.- d 2 
L = 



8 a D B(eff) C B(b) 



3. Surface Reaction Controls 

Equation: 1 -(1 - ct) 1/3 = ■ s . B ( b ? [3.4.8] 

d p A a 

4 a k C",,v t 3 
« - 1 - (1 - ^gtb) ) 3 [3.4.9] 

B. Shrinking Particle aA, v + bB/ f * ->- dD,-> [3.4.10] 



1. Film Diffusion Controls 

Equation: 1 - (1 - a) 2/3 = 8 * ^ ^ * [3.4.11] 

b p A d 

or „=!-(]- 8 d k m C B(b) t } 3/2 [3.4.12] 

b p A d 
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Table 3.4.1. (Continued) 

2. Product Layer Diffusion: Not applicable 

3. Surface Reaction Controls: Same as surface reaction controls 

formation of product layer 

Symbols: a, b = stoichiometric coefficients of solid species 

A, and liquid species B, respectively 

km» ks> Dfjfpff) = mass transfer coefficient of mobile species 
^ B, rate constant of chemical reaction, and 
effective diffusivity of mobile species B 
through the product layer, respectively 

f>A = molar density of solid A = mole of A/cc of 
solid 

^B(b) = concentrat i° n °f B in bulk phase 

n = reaction order 

d = initial diameter of the solid, 

a = fraction of solid reacted. 



Normally in each leaching system, the Pa, k m , k s , Dg/gffj, a, < 
constant. As a result, the fraction of solid reacted, , varii 



and b are 
ies with, 

time, t, concentration of reactant, Cg(b) and the initial particle size, 
d, e.g. a = f(t,d,C B ). 



The parameters in each equation can be estimated empirically from 
batch tests where mono-size particles are usually used, (see Module 2 
for details). 

3.5.2.2 Concentration Of The Lixiviant 

The concentration of the lixiviant in most leaching systems is 
depleted as the reaction proceeds. The amount of depletion corresponds 
to the amount of the metal value dissolved according to each stoichiometric 
equation. For example, the change in concentration of the lixiviant 
for reactions [3.4.4] and [3.4.10] is : 



C B(o) " C B(t) B *«(t) M I C3.4.13] 



where C R / \ C R / t \ concentrations of lixiviant at time zero or 
^ ' * ' before charging to the reactor, and at time 
t, respectively. 
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Mt ■ total moles of solid A/unit volume of the liquid in 

the feed, which is = f ./(l-f ) 

v A v 

f = volume fraction of solids in the inlet 
v 

a(t)= fraction of solid reacted at time, t. 

Another important parameter that governs the design of a reactor is the 
particle size distribution which has been briefly discussed in Learning 
Acitivity 1 of this module. 

3.5.3 Modeling and Design for Continuous Leaching System* 

3.5.3.1 Symbols and Notations 

Most of the symbols used in this section are listed in Table 3.4.2. 
The unlisted symbols have been defined previously. 

Table 3.4.2. Symbols and Notations for Designing A Continuous Leach VessiT 

A. Notations: PLD = Product Layer Diffusion 

SR = Surface Reaction 

MK = Product Layer Diffusion and Surface Reaction Mixed 

Kinetic Control 
MT = Mass Transfer 

B. Dimension Quantities for Continuous Leaching 

a(t) = total fraction of solid reacted for a given average retention 
time and particle size distribution 

a(C„,d,t) = fraction of solid reacted for a given concentration of 
lixiviant, initial particle size and retention time 

d ,d . = maximum and minimum size of a given size distribution 

d = initial size 

Cg/ v,C„ = concentration of lixiviant in inlet and outlet of a 
v ' continuous leach vessel 

f 3 (d) = particle size distribution in weight 

E(t) = resident (retention) time distribution 

t = average resident time = V/Q 

V = volume of the reaction vessel 

Q = volume flow rate to the leaching vessel 



Coordinator Comment: The following material was provided by Dr. J. A. Herbst, 
professor of Metallurgical Engineering, University of Utah. 
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Table 3.4.2. (continued) 

a,b,c = stoichiometry coefficients in the general leaching reaction: 

aA solid + bB fluid" cC solid + Solution Products 

D = effective diffusivity of lixiviant species B across the 
semi porous product layer, (Area/time). (If PLD does not 
influence the overall rate of reaction, set Dg = ») 

k s = surface reaction rate constant (length/time). (If SR does not 
influence the overall rate of reaction, assume k s = « ) 

k m = mass transfer coefficient (lengths/time, if unknown, assume 
km =-) 

p. = molar density of the valuable A (moles/vol solid) 

Pr = molar density of the solid product layer (moles/vol solid) 
(If unknown, set equal to (c/a)p^) 

u = mean particle size of the solids in the inlet, (length) 

7 7 

a = variance of the inlet size distribution, (length ) 
f v = volume fraction of solids in the inlet 

C. Dimension! ess Quantities for Continuous Leaching 

Particle Size d* = d/ y 

Unreacted Core Size d* = d /y 

Lixiviant Concentration C* = C^/C,, 

d Bo 

2. Dimensionless Parameters: 



Variance 




*2 

a 


■ 2 / 2 


Product Volume 




z* 


= cp A /ap c 


Reaction Times 




**SR 


= t SR (y)/t c (y) 






^PLD 


= t pLD ( p )/t c (y) 






t*^D 


= t F0 (y)/t c (ii) 


Stoichiometry Number 


n* 


= (a/b)(l-f v )C Bo 








f v P A 


Mean Residence 


Time 


T* 


= t/t c (v.) 
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3.5.3.2 Description of Governing Equations 

The agitation leaching vessel plays an important role in modern 
hydrometallurgy. The selection of an appropriate size of vessel (s) 
for continuous leaching and the optimization of operating conditions 
for these vessels can be greatly facilitated by developing accurate 
mathematical models (abstractions) of these unit operations. 

This section considers the modeling, simulation and design 
of a single stage, perfectly mixed leaching vessel (see Figure 3.4.3) 
in which a topochemical shrinking core leaching reaction occurs. 

In designing the size of the reactor, two rate equations have to 
be solved simultaneously. These equations are the rate at which solid 
A dissolves, and the rate at which lixiviant is consumed. The amount 
of solid A that is dissolved can be expressed as 1-fraction of the solid 
(unreacted) will be the sum of unreacted portion of each particle at a 
given retention time, that is 



Solid conversion 



fraction of 


oo 


d 
max 


fraction 




l-(total solid ) 


= E 


z (1 


- of solid ))( 


density 


A reacted at 





d . 


reacted 


function 


a given aver- 




min 


at a given 


of particle 


age retention 


retention 


particle 


particle 


size dis- 


time 


time 


size 


size, con- 
centration 
of lixiviant 


tribution 








and retention 








time 





)( retention \ 
time distri- 
bution 



max 

.'. l-a(t) = / / (l-a(d,C.,t)) f.(d) E(t) d(d) d(t) [3.4.14] 

o d . B 

mm 

where E(t) = retention time distribution = _ e t 



The overall mass balance for the lixiviant yields equations [3.4.13] and 
[3.4.14]. 



Lixiviant consumption 

C B = C B(Q) -a (DjMj 



a 



[3.4.13] 



Equations 3.4.13 and 3.4.14 have to be solved simultaneously. For a 
given overall fraction reacted the average retention time can be deter- 
mined, consequently the size of the reactor vessel can be estimated 
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Figure 3.4.3. Ideal continuous mixed flow reactor for fluid solid 
reaction. 
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by knowing the volume feed rate. 

The governing equations, 3.4.13 and 3.4.14, for the reactor 
design can be combined into a dimensionless form: 

Solid conversion: 

a(T *) = 1-;" / max (l-a(d*,C*,t*)) f(d*) E(t*) d(d) d(t) 



[3.4.15] 



Lixiviant consumption: 

C B * (t*) = 1-|* [3.4.16] 

3.5.3.3 Results from Computer Simulation 

Figure 3.4.4 illustrates the simulation results for the total fraction 
of solid reacted as the function of dimensionless time, t*, for a product 
layer diffusion controlled reaction and the distribution of particle 
size having a variance of 0.5 for a dimensionless stoichiometry number 
n* from 1.0 to °\ Notice that n* is proportional to the lixiviant con- 
centration. As can be seen the rate increases as the n* value increases. 
Figure 3.4.5 illustrates the effect of the size distribution on the rate 
of the extraction in which the dimensionless variance °* increases from 
0.15 to 1.50. As can be seen in Figure 3.4.5 (same condition except for 
difference in variance of the size distribution), the rate of the reaction 
is faster initially for a larger distribution variance. However, for 
longer reaction times, the rate of reaction for the larger variance case 
becomes slower. This is reasonable because a particle size distribution 
with a larger variance contains a larger portion of small particle sizes. 
This will result in a faster initial rate of reaction. However, a larger 
variance also contains a greater portion of large particles which will 
require longer times for complete reaction. Consequently the rate of 
reaction is reduced as the reaction proceeds. 

3.5.3.4 Design Worksheet and Example 

The following is a design worksheet and calculation which will 
lead to the desired size of the agitation vessel required. 

Example: Suppose you are a process engineer asked to design the 
continuous agitation reactor to leach metal value A by using lixiviant B. 
The concentrate A has a concentration p^ of 7 x 10 mole A/cc of solid, 
and the particle size distribution is as listed in Table 3.4.4. The 
fraction of the solid in the slurry is 0.204 and the slurry contains a 
lixiviant concentration of 5.1 x 10 mole/cc. You would like the 
reactor to be able to handle the slurry at 20 gal/min and to leach 90% 
of metal value. 
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Laboratory tests indicate that the leaching reaction is topochemical 
in nature, and the rate is controlled by product layer diffusion having 
an effective diffusivity of 3.07 x 10"° ' 



cnr/min. 



Table 3.4.4. Size Distribution of Solid A 



4t fraction Size (mesh) 


Size (cm) 


Geometric mean size 


0.37 


14-20 


0.1168-0.0833 


0.0986 


0.123 


20-28 


0.0833-0.0589 


0.0700 


0.052 


28-35 


0.0589-0.0417 


0.0494 


0.173 


35-48 


0.0417-0.0295 


0.035 


0.0407 


48-65 


0.0295-0.0208 


0.0248 


0.0317 


65-100 


0.0208-0.0147 


0.0175 


0.0559 


100-150 


0.0147-0.0104 


0.0124 


0.0141 


150-200 


0.0104-0.0074 


0.0088 


0.0396 


200- 


0.0074- 


0.0037 


^=0.0562 cm, ° z = 0.0011 cm?, ° = 0.0332 cm, a * 2 = 0.349 



By inputing the data in the accompanying design worksheet step by 
step, the stoichiometry number is found to be 1.25; and the dimensionless 
mean residence time is 2.11. After correcting for n* f °°, the dimension- 
less residence time is changed to 7.54 which corresponds to a dimensional 
residence time of 1010 min. The volume of the reactor can then be 
estimated from the equation 



V = Qt 
to be 20,200 gal. 
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INSTRUCTIONS FOR DESIGN WORKSHEET 
(Single Stage Systems) 

* NOTATIO N: PLD = Product Layer Diffusion 
SR = Surface Reaction 
MK = Mixed Kinetics 

I. INPUT DATA : 

• Stoichiometry Coefficients : 

1. a,b,c = stoichiometry coefficients in the general leaching reaction: 

aA solid + bB fluid * cC solid + Solution Products "~ /6 ~~ *""* 

• Intrinsic Kinetic Parameters : 

2. Do = effective diffusivity of lixiviant species B across the semi- 

porous product layer, (Area/time). (If PLD does not influence 

the overall rate of reaction, set D R = ».) ~ %>&7XS& c*» /*t,'*t . 

3. k = surface reaction rate constant (length/time). (If SR does not 

influence the overall rate of reaction, assume k = ».) — T =~ = ' 

4. z* = Pilling-Bedworth ratio = (p./a)/(p c /c). (If unknown, assume 

z* = 1 . ) tt I 

• Feed Characterization : 

5. p. = molar density of the valuable A (moles/vol. solid) * 1 X I O **">** fcc 

p c = molar density of the solid product layer (moles/vol. solid). 
(If unknown, set equal to (c/a)p».) - — 

6. vi = mean particle size of the solids in the inlet, (length) - &■ &&*> £ c**- 

7. a = variance of the inlet size distribution, (length ) - ez.oo'/ £: ^ rt 

8. o* = dimensionless variance = o /y s 0.34*9 

. Design Specifications : 

9. Q = volume flowrate of pulp, (vol. pulp/time) » x o ^ « //'•* "*■ 

10. f = volume fraction of solids in the inlet - & • *-* 

^ - ~^ /i> ' 

11. C D = lixiviant concentration in the inlet, (moles B/vol . sol'n) -i./* * /v*" c /< 

Bo 
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12. n* = stoichiometry number 



(^)(^- f y) C B0 

f v P A 



^ /, a 5' 



13. a - nominal (design) overall conversion 



II CALCULATIONS: 



14a. t* (a /PLD) = dimensionless mean residence time required for an 

overall conversion a = a when n* = °° and PLD is 



rate controlling 



t* (o./PLD) = 1.838(z*) 2/3 



0.159 a* 



1- 



o. 



0.835+0.283 o 



*2 



^ -t,// 



14b. t* (a /SR) = dimensionless mean residence time required for an 

oo 

overall conversion a = a when n* = °° and SR is rate 

o 



controlling 



t* (a /SR) - 6.285(z*) 2/3 



oo 



2 

ii p. 



0.039 a 



3/2 



1 0.893+0.109 a 



Q 



1- 



a 



*2 



«■■ W*> - 24^)^0, (tim6) ^ £W^^ 



s. 'ifttSt, 



'BoB 



U Pi 



15b - 'sR^ = 2(a/b)C R k (time) iO 

do s 

16. t c ( w ) = t pLD (w) + ^u) (time) - / ? y ^ „ 



17a. t* LD 



= t pLD (p)/t c (p) - / 



17b. t* R = t SR (p)/t c (p) a. o 

18. x*(a /MK) = dimensionless mean residence time required for an overall 

oo O 

conversion a = a when n* = •» and MK is rate controlling 
x> o /MK) . t* L[) x:(a o /PLD) + t^x^/SR) -2.// 
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19. Correction for n* t »: 

r** (« /MK) = x:(a o /MK)/(l-a o /n*) =. *,M /{ ,_ C'tfr f ) = *>S-f 

20- t * (a /MK) = dimensional mean residence time 

T n * (a o /MK) = t c ( w ). T ** (a o /MK)(time) * / ?■* X ? ' ^* ~= ' '* '' '° ' " " * 

21 . V = reactor volume 

V = Q.x ,(a/MK)(vol.) - ^j-Atm.** * '*<° •*'* " ^^"V 1 ' 
no " i 
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DESIGN WORKSHEET 



SINGLE STAGE 
SYSTEMS 



I. INPUT DATA 



STOICHIOMETRY COEFF. 


FEED CHARACTERIZATION 


DESIGN SPECIFICATIONS 


1 


o,b,c <<l^o.^i 


5a 


'a 


7X/0 ^m->/^/ t 


9 


Q 2,cfrJ/n; h 


KINETIC PARAMETERS 


5b 


Pc 





10 


f v «*», <?<*-* 


2 


B 3.0 ? X /O ?»% 


6 


H- 


£ tT<^«? £.- *r\ 


1 1 




3 


k s e" 


7 


cr 2 


o-ooit c** 7 - 


12 


V* y.zr- 


4 


z* / 


8 


*2 

a 


0.6 3 </ C J 


13 


a„ &,9o 



II. CALCULATIONS 



A. EVALUATE tZ (dolMK) 


PRODUCT LAYER DIFFUSION 


SURFACE REACTION 


I4a 


T^* (adPLD) a. // 


I4b 


ri(aolSR) — 


I5a 


f PLD ( ^ /3^ 


I5b 


*SR</d — 




16 


V?" 


/1V m, n. 




I7a 


TLD / 


I7b 


t* 

T SR O 






18 


r* (aiMK) 


«2, ff 





I 



B. CORRECT FOR T) * co 


19 


T^dolMK) ^ ^ 



C. MEAN RESIDENCE TIME 



20 



T^ClolMK) 



Y 



/O/'O ,K , A 



D. REACTOR VOLUME 


21 


-3.0 ,-z.uo J*, f 



A/i^z-l* ;***-fi> /., 
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INSTRUCTIONS FOR DESIGN WORKSHEET 
(Single Stage Systems) 

* NOTATIO N: PLD = Product Layer Diffusion 
SR = Surface Reaction 
MK = Mixed Kinetics 

I. INPUT DATA : 

• Stoichiometry Coefficients : 

1. a,b,c ■ stoichiometry coefficients in the general leaching reaction: 

aA solid + bB fluid * cC solid + So1ution Products 

• Intrinsic Kinetic Parameters : 

2. Dp = effective diffusivity of lixiviant species B across the semi- 

porous product layer, (Area/time). (If PLD does not influence 
the overall rate of reaction, set D B = «.) 

3. k = surface reaction rate constant (length/time). (If SR does not 

influence the overall rate of reaction, assume k = ».) 

4. z* = Pilling-Bedworth ratio = (p./a)/(p,./c). (If unknown, assume 

z* = 1.) 

• Feed Characterization : 

5. p. = molar density of the valuable A (moles/vol. solid) 

p- = molar density of the solid product layer (moles/vol. solid). 
(If unknown, set equal to (c/a)p..) 

6. y = mean particle size of the solids in the inlet, (length) 

2 2 

7. o = variance of the inlet size distribution, (length ) 

o 2 2 

8. a* « dimensionless variance = a /v 

• Design Specifications : 

9. Q = volume flowrate of pulp, (vol. pulp/time) 

10. f = volume fraction of solids in the inlet 

11. C B = lixiviant concentration in the inlet, (moles B/vol . sol'n) 

Bo 
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12. n* = stoichiometry number 

f v»A 

13. o = nominal (design) overall conversion 



CALCULATIONS: 



14a. t* (a /PLD) = dimensionless mean residence time required for an 

overall conversion a = a when n* = °° and PLD is 



rate controlling 



r* (a. /PLD) = 1.838(z*) 

CD Q 



*i2/3 



0.159 a| 
l-o. 



0.835+0.283 o 



*2 



14b. t* (a /SR) = dimensionless mean residence time required for an 

« Q 

overall conversion a = a when n* = <*> and SR is rate 



controlling 



oo 

15a. t pL0 (u) = 
15b. t CD (p) ■ 



t* (a„/SR) = 6.285(z*) 2/3 

(time) 



2 



0.039 a 



3/2 



o 



l-o. 



0.893+0.109 a 



*2 



*SR' 



24 ^/ b ) C Bo D B 

" P A 
2TS7blc B 7k s 



(time) 



16. t (p) = t mn (u) + t co U) (time) 



'PLD 



SR' 



17a. t* LD = t pLD (p)/t c ( w ) 



17b. t 



SR 



= t SR (w)/t c (y) 



18. T*(a /MK) = dimensionless mean residence time required for an overall 

conversion a = a when n* = « and MK is rate controlling 

t :<V MK) = ^LD c(v PLD) + ^v^ 
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19. Correction for n* t °°: 

t** (o Q /MK) = T:(a /MK)/(l-a /n*) 



20. t * (a /MK) = dimensional mean residence time 



x n * (a Q /MK) - t c (y)-i** (« /MK)(time) 



21. V = reactor volume 



V = Q-T n *(a Q /MK)(vol.) 
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DESIGN WORKSHEET 



SINGLE STAGE 
SYSTEMS 



I 



I 







1. INPUT DATA 






STOICHIOMETRY COEFF. 


FEED CHARACTERIZATION 


DESIGN SPECIFICATIONS 


1 


a,b,c 


5a 


Pa 


9 


Q 


KINETIC PARAMETERS 


5b 


Pc 


10 


*V 


2 


D B 


6 


H- 


1 1 


Cb<, 


3 


ks 


7 


o* 


12 


V* 


4 


Z* 


8 


*2 

o~ 


13 


do 



II. CALCULATIONS 



A. EVALUATE t£ (CUIMK) 


PRODUCT LAYER DIFFUSION 


SURFACE REACTION 


14a 


tJ* (OolPLD) 


14b 


ri (adSR) 


15a 


W/^ 


15b 


f SR ( ^ 




16 


#" 




17a 


f PLD 


17b 


t* 
T SR 






18 |r*(alMK) 





B. CORRECT FOR T) * co 


19 


T**(dolMK) 



C. MEAN RESIDENCE TIME 



20 



V 



QolMK) 



I 
I 



D. REACTOR VOLUME 


21 


V 
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1 Levenspiel, Comical Reacti on Engineering, John Wiley, Chap. 5, 
(1972). 
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LEARNING ACTIVITY 1 

(Donald L. King, Manager, Development Engineering, Envirotech Corp.) 

4.1 Thickening 

Learning Activity Objective 

After completing your study of this material you should be able to describe 
a continuous thickener, how it functions and what are the important factors in 
its design. 

4.1.1 Introduction* 



This paper has been prepared with the objective of providing basic 
information on thickening equipment as applied to mineral processing 
design. 

THICKENING DEFINITION 

Continuous ing and clarification - by an operation called 
Sedimentation - is the separation of suspended solid particles from 
a liquid stream by gravity settling. The primary purpose of thicken- 
ing is to increase the solids "concentration of the feed stream, while 
that of clarification is to remove solids from the feed stream. 7 
there is no precise distinction bet . and clarification 

other than the principal result desired. 

inlet stream going to a thickener generally is called "feed" 
or "influent". Overflow from the unit may be called "overflow", 

fluent" or "supernatant". Underflow may be called "pulp", "sludge", 
"slurry", "mud", etc. . The terminology will depend upon the industry 
and application. — 



9TORY OF THICKENER DEVELOPMENT 

Modern Sedimentation technology was developed in the mining in- 
dustry. Prior to development of the continuous thickener, batch 

or.al settling was employed. In such batch operations, di- 
lute feed was pu -k continuously until a clear overf- 

no longer obtained. The feed was then discontinued and the tank 
left undisturbed until the solids had settled. After a suitable ; - 

;ion time, clear supernatant liquor was decanted and the thickened 
sludge removed. 



* Coordinator's note: This learning activity is a shortened version of 
a paper prepared for the textbook "Mineral Processing Plant Design", A.I.M.E. 
copyright, published by Society of Mining Engineers, Chapter 27, pp. 541-577. 
Figures have been renumbered to conform to our modular format. Further details 
on the operation of thickeners are given in the original paper. This material 
is reproduced here by written permission. 
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Following batch settling operations, cone settlers were developed. 
These could be operated continuously by delivering a continuous feed 
stream to the settling cone; removing the settled solids underflow 
continuously from the bottot • the overflow con- 

tinuously over weirs into launders at the surface and on the periphery 
of the cone. To maintain a uniform underflow from the cone, and to 
insure proper removal of the solids, the slope of the cone often had 
to be fairly steep. A steep cone sIoli d the size ne 

ler. 

Since the effectiveness cf gravitational settling is largely a 
function of area, it soon ■'-- recognized -s.at the basic cone design 
had seriou- =. As the technology developed it became ob- 

vious that continuous movement of the solids deposited over a large 
area toward a centner. -•al point was necessary. Adopting this 

general kenei - with its many modifica- 

tions - was developed about 1905. 

y, tr-.e continuous thickener was applied to 
chemical, water, and wa ies. However, 

..--. minor exc. eaviest duty machines are required in the 

metallurgical industry, while machines of lighter duty are used for 
water and waste water treatment in other process industries. It is 

obvious that a higher specific gravity of the solids, and/or larger 
amounts of solids to be handled by a thickener of given size, requires 

construction of the thickener mechanism. Many metallurgical 
pulps have specific gravities of 2.6 or more, and settle to concen- 
trations up to 60-754, and these machines must be much heavier in de- 
sign than for water and waste water treatment, where the specific grav- 
ity of the solids often are 1.1-1.3 and rarely settle to a concentra- 
tion of greater than 10%. In some applications, even though the 
solids in the feed are finely divided and the unit acts as a clarii- . 
underflow concentrations can be relatively high, thereby requiring a 
semi heavy duty clarifier mechanism. 

4.1.2 How a Continuous Thickener Functions 



As a feed stream enters the thickener, the solids settle to the 
bottom. Clarified liquor overflows the top and the settled 6olids 
underflow is removed from the bottom. 

Figure 1 shows a cross-section, schematically illustrating the oper- 
ation of a continuous thickener. Zone A, which is the clear overflow 
liquor, is essentially free of solids in most applications. Zone B 
consists of a pulp of fairly uniform consistency which is nearly the 
same solids concentration as the feed stream. Zone C is an inter- 
mediate state in which the pulp is in a condition of transition be- 
tween free unhindered settling and compression. Zone D shows the 
pulp in compression, where dewatering occurs by compression of the 
solids forcing the liquids out of the interstices. 

In actual practice, special characteristics which distil ;ones 

B, C, and D are not readily discernible, except for an increasi 
solids concentration, and the description is more academic than real- 
istic. 
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Figure 4.1.1 Section Through a Continuous Thickener Illustrating Position 
of Four Zones of Settling Pulp. 
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Figure 2 presents an illustration of that which actually occurs in 
a continuous thickener. Feed slurry becomes very diluted on entering 
the feedwell (unless the feedwell is submerged in a moderately con- 
centrated pulp zone as illustrated in Figure 1). and leaves the feed- 
well as a dilute suspension from which particulate settling, rather 
than "zone" or "line" settling must occur. Considerable lateral move- 
ment occurs in the floe bed zone as liquid into the feedwell to sus- 
tain this dilution action. The floe particles agglomerate and settle 
to the surface of the thickening pulp, and continue to concentrate in 
this zone until underflow density is reached. 

4.1.3 Elements of a Continuous Thickener and Their Function. 



Refer to figure 3 for schematic representations of two basic thick- 
ener configurations. The elements are identified by name: 

- The Feedwell function is to dissipate energy of movement in the 
the feed stream so as to cause the feed to enter the tank in a 
relatively quiescent condition and to provide a means of intro- 
ducing the slurry at an appropriate depth in the thickener. 

The Tank provides holding tine to produce settled solids and 
clarified liquor. The sloped bottom assists movement of the 
concentrated solids toward the discharge point. 

- The Rake Arms serve three functions: 

(1). Move the settled solids toward the discharge point; 

(2) . Maintain a degree of fluidity in the thickener to ensure 

hydraulic removal, and 
(3) . Increase underflow solids concentration by providing for 

channels for water to escape from the thickening solids 

in the compression zone. 

- Cone , or Trench , Scrapers perform an action similar to the Rake 
Arms so that underflow solids can be discharged. 

- The Overflow Launder collects clarified liquor for transport to 
an outlet. Best design practice is for a uniform rate of over- 
flow around the tank periphery. 

- The Rake Drive provides driving force (torque) to move the Rake 
Arms and Blades against resistance of the thickened solids. 

The Rake Lift provides a means of lifting the Rake Arms out of 

contact with the more concentrated solids so as to reduce the 
driving force demand from the rake drive. The lift will oper- 
ate while the rake arms are rotating. 

4.1.4 Some Factors That Size Continuous Thickener Basins 



Sizing the Thickener 

Detailed sizing techniques are not discussed in this article, but 
certain basic considerations are covered. 

Area : The area of a thickener must provide sufficient detention 
time to allow the slowest settling particle to reach the bottom 
of the unit. Thickener size is often expressed in area per unit 
weight of dry solids per day. (Meter squared/ton of dry solids/ 
day). 
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Figure 4.1.2 Section Through a Continuous Thickener Illustrating Thickening 
Action. 
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Overflow Rate : The overflow, or upf low rate, of the unit must be 
low enough so that excessive turbulence does not prevent separa- 
tion of the solids from the liquid and not greater thai, the set- 
tling rate of the slowest settling particle or flocculi. Thus, in 
thickeners which are essentially clarifiers (that is, are used to 
remove very finely divided material from a dilute suspension) the 
overflow rate expressed as volume per day per unit area (meter 
cubed/day/meter squared) becomes a critical design factor. For 
materials which apparently settle very fast in laboratory tests, 
it is good practice to design the area and volume of the unit so 
that the overflow rate does not exceed values established by ex- 
perience. 

Detention Time : In addition to providing sufficient detention 
time to allow separation of the slow settling particles from the 
overflow, special consideration must be given to the compression 
zone. The volume ot the compression zone, or for practical pur- 
poses the entire volume beneath the pulp level, will have a direct 
bearing on the final underflow solids concentration as long as the 
particles within this zone are in a state of subsidence, that is, 
not at rest. 

In an ideal i .tion the sol i Js in the food to be with- 

drawn in the underflow must move continuously toward the with- 
drawal point at the same r.ite as they enter the compression zone. 
The solids do not merely settie or. the bottom and then are pushed 
by the rakes toward the discharge point. The pulp is retained in 

the compression zone, which must provide adequate time for thicken- 
ing to final density, but too lonq a retention time can result in 
overload to the thickener mechanism. The underflow rate must be 
controlled so that pulp density, as withdrawn, will be the maximum 
ii at a given feed rate with the minimum pulp level in the 
er. 



PRACTICAL MILL DESIGN CONSIDERATIONS FOR THICKENERS 

A. Utilize the expertise of established equipment manufacturers 
or consultants experienced in this field to i .e best 
selection for the requirement. The early stages of a project 
invariably require some form of economic justification. This, 
turn, means that someone must establish a preliminary flow- 
•-•t and size the - Involved. If the Design Engineer 
is familiar with the particular flowsheet, he can prof, a 
complete this preliminary phase without outside help. Ho 

the flowsheet, or parts of it, are outside the realm of his 
must look to others for assistance. Suital 
help may be found within his company's files or the general 
technical literature, cr at may be necessary to contact equip- 
ment manufacturers or consultants. cTqjipment manufacturers 
have dealt with a wide range of flowsheets and applications, 
and, with a reasonable description of the materials involved 

and process requirements, can quickly estimate equipment size 
and performance with sufficient accuracy for most preliminary 
feasibility studies. Many engineers make use of this source 
of knowledge. Others may spend an unnecessarily large amount 
of time searching the literature without developing accurate 
information that could be obtained by consulting a reputable 
equipment supplier 

B. Define the requirements for the thickener. In addition to 

process requirements, upset, or unusual operational conditions, 
must be anticipated. 
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C. Verify the thickener requirements. Pilot plant, or laboratory 
cylinder tests, are very desirable, but the slurry sample must 
be representative of the actual slurry. Many fail to recognize 
the importance of a truly representative slurry sample. The 
emphasis here is m reference I -ted slurries or slurries 
produced in small z . . -. . -n a bench scale apparat . . 

These samples must be carefully characterized and their prop- 
erties, such as size distribution, suspended solids concentra- 
tion, pH and temperature, can have very pronounced effects on 
equipment capacity and product quality. 

Once it has been determined that the slurry in question is 
reasonably representative, it is necessary to perform meaning- 
ful sizing tests. Although required test procedures and equip- 
• have been prescribed in literature in some detail, lr 

i.oe is lacking in running these tests, it would be well 
to consult a recognized authority in this field. There re- 
mains a significant degree of "art" in performing solid-liquid 
separation tests and interpreting the results. Proper thick- 
ener selection depends as much upon the recording of signifi- 
cant test observations as upon the routine recording of re- 
I red test data. 

D. Pilot Plant de- operation - -ant. As the plant 
design project progresses, it is :r . y necessary to con- 
firm the eq .. . sizing and performance. This ma. sim- 
ulating the complete operation including continuous pilot 
plant equipment. It is at this point that many miss one of 
the prime opportunities to obtain meaningful design data. 
When a continuous pilot plant is designed, it is important 
that all of the various operating units have sufficient capac- 
ity to enable the process to operate at or near capacity. It 

unfortunate, from equipment sizing basis, that the liquid- 
solid steps usually have the greatest degree of uncertainty 
and that the pilot plant equipment is almost always oversized, 
so that the process may operate continuously regardless of the 
characteristics of the slurries. 

When pilot plant equipment ta oversized, it is extremely diffi- 
cult CO gat meaningful sizing information. The data obta i a 
is important, but for the results to be interpreted correctly, 
this must usually be done in conjunction with a good bench 
scale testing program. Operating conditions in a bench scale 
tost can be varied in a controlled manner that enables one to 
determine the effect of many variables and to arrive at a 
reasonable design operating condition. Since conditions in a 
pilot plant operation are a great deal more difficult to con- 
trol, pilot plant operation should be used only to confirm de- 
sign operating conditions, such as how the feed quality varies 

... ~ to obtain confidence that the type of unit 

chosen is capable of giving consistent long term results. The 
observation of feed v.: S and the coi ^n of long 

-ity are the most important functions of 

a solid-liquid pilot plant operation. 

E. The thickener feed velocity should be as low as practical. 

rkener operation starts with a system that introduces the 
feed slurry. The feed velocity must be high enough to prevent 
solid material "sand out" in the feed launder, but not so high 
as to cause excess turbulence in the thickener feedwell ar.d 
tank. Most feed arrangements are such that the feed launder 
is above liquor level, and for those slurries, that contain 
solids of specific gravity 2, a toed launder slurry velocity of 
2.5 to 3 meter/second will usually be sufficient. As a gen- 
eral rule a launder slope of 1 to 1 1/2% will provide the 
necessary velocity. 
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F. Thickener feed entrance into the feedwell should be such as 
to provide feed stream energy dissipation. Some ways to 
accomplish this are: 

- Minimize elevation difference between feed launder and 
liquor level. Et elevation difference is 

much greater than a -d. and the feedwell of 

the tmckener is usc-d to dissipate the kinetic energy re- 
sulting from this elevation difference. This practice can, 
and usually does, have detrimental effects on thickener 
operation. Most feodwells are not designed to accept ex- 
cessive entrance velocities, and there is always a danger 
that the slurry will enter the with a significant 

downward cc C of velc. it will cause it to stir 
up the settling pulp. The result can be both decreased 
underflow solids concentration and increased turbidity in 
the clarifies overflow. Also, there is always a certain 
amount of air entrapment in any overhead feeding arrange- 
ment that r -i vertical drop. If the thickener feed 
lias cotr... Ei EJ on step, or if it has natural foam- 
ing tendencies, excessive feed entrance veloc.ties will 
aggravate already undesirable conditions by producing froth 
which floats on the liquor surface causing loss of solids 
in the overflow. 

The launder should terminate its horizontal run as near the 
liquor level as possible, and feed should be introduced be- 
low liquor level. A good scheme is to introduce feed such 
that it exits the launder with flow divided into two equal, 
opposite directions, and nearly horizontal. The opposite, 
horizontal feed streams are usually introduced at slightly 
different elevations to create feed stream shear rather 
than impingement. Feedwolls usually have a bottom shelf to 
help prevent feed stream "short circuit" to the overflow. 
If the launder is enclosed, provide air release at its 
feedwell termination. 

G. Make the provision to remove oversize material from the feed. 
Remember, a thickener is designed to operate within specified 
limits, and exceeding those limits can cause operation prob- 
lems. As a general rule the feed to a thickener should con- 
tain very little material larger than 250 micron (+60 mesh). 
There are a number of applications where this rule is violated, 
but special features are designed into such appl :. jtions to 
accommodate larger material. 

Oversize tramp material cannot be tolerated, and it must be 
removed by screening. It is preferable to remove such prior 
to the feed entering the launder. 

H. Flocculation of the feed must be controlled and must be com- 
plete. There are many instances where flocculation control 
has been incomplete, and in nearly all such instances, thick- 
ener results were less than expected. It must be remembered 
that a sedimentation device is usually designed to provide 
both clarif icat ion and solids concentration. Emphasis is 
often on one or the other only, and there is a tendency to 
consider that clarification depends only upon providing an 
area equivalent to an upflow rate less than the sett] ;ate 
of the finest particle removed. While this is certainly one 
oi the mechanisms involved, it is seldom that this is the rate 
controlling mechanism. Most clarification problems involve 

f dependent functions of coagulation, or flocculation, or a 
combination of both. Unless the material is naturally floccu- 
lent, some type of chemical must be added to force or promote 
formation of settleable floes from the dispersed fine particles. 
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The chemicals which are added muse be uniformly dispersed if 
they are to function properly. When the feed slurry requires 
only the addition of nulti-valent cations, such as alum, the 
o required to accomplish the dispersion is of a minor con- 
sequence, so long as it is possible to provide the necessary 
nixing in a conveniently sized vessel. However, when syn- 
thetic polymers are used, it is usually necessary to provide 
an efficient and rapid mix. In this case, the main problem is 
that of getting the polymers dispersed among the suspended 
solids before their active sites are all used up by particles 
in their immediate vicinity. Inefficient mixing moans that 
unnecessarily high polymer dosages will be required. Once the 
required chemicals have been added to the feed slurry, it is 
frequently necessary to provide a period of mechanical contact 
time to allow the floes to grow to a size that will settle 
rapidly. If the suspended solids concentration in the origin- 
al feed is too dilute, it may not be possible to grow floes 
of useful size and good floe growth could require that addi- 
tional solids be recirculated to the feed stream to increase 
the solids concentration. This may be done either by external 
recirculation or by internal recirculation of thickened so 
in a suitably designed unit. Regardless of the design of the 
particular unit, it is essential that the engineer make cer- 
tain that the unit does provide that environment that is nec- 
essary to produce an agglomeration with a usable settling rate. 
Since final clarification is almost always a time function, 
the clarification zone of the unit must not only ; an 
equivalent upflow rate low enough to prevent part- ran 
being swept out in the effluent, but enough retention time to 
allow the additional fiocculation which does occur within the 
clarification zone. 

:. Underflow handling. When desigi Lekener underflow p: 

for metallurgical and other similar slurries, it is essential 
to remember that the piping must be designed so that operators 
can, if necessary, purge or "blow back" with either l.igh press- 
ure water or air. The question is not "What to do if the 
underflow plugs?" but rather, "What must be possible to do 
vi. on the underflow plug .-re are a number of suitable 
underflow piping and pumping arrangements. The correct one 
for a particular installation is a function of the sol id- 
liquid system to be handled, tank size, pumped or gravity flow, 
economics of tunnel versus center pump room, etc.. These con- 
siderations may, in turn, be modified by local site conditions 
such as hiqh ground water, hard rock formation, etc.. 

J. Servicing. Oil change, condensate drain, location of lubrica- 
tion fittings, walkway access, enclosures, location of instru- 
mentation, night lighting, local electrical plugs for tools, 
etc., all need to be considered for ease of routine mainten- 
ance and for more extensive maintenance. 

X. Operator control res certain observatJ ind measure- 

• are now made by instrumentation. The need exists 
for periodic verification, and this requires design to mini- 
mi;- foreign objects falling into the tank. 
Hard hats for example, make excel: =rflow outlet plugs. 
Tools and other objects, which can get into the underflow out- 
let, cause pump damage or stoppage. Some installations are 
provided withprotectior.net;> to catch falling objects. 

L. Emergency bypass, or shut-off, of feed and underflow recir- 
culation, are must features. Standby underflow pumps are 
common. 
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4.1.6 Major Factors Influencing Thickener Design. 

A. The quantity of solids to be handled. Usually expressed as area 
per unit weight of dry solids per day. The smaller the number the 
greater the chance of ar. uf;et. This usually requires a combina- 
tion of a stronger thickener mechanism and a lifting device. 

B. The amount of material larger than 250 micron (+60 mesh) in the 
feed. This affects tank bottom slope, drive and strength of mech- 
anism. It may also require a mechanism lifting device. 

C. Specific gravity of the solids. The greater the specific gravity 
the more likely a stronger drive and mechanism will be required. 

D. Overflow launders and feedwell capable of handling additional 
material when other thickeners are out of service. 

E. Feed and underflow material settling characteristics that may re- 
quire special rake construction such as blades located a distance 
below the rake arms on posts ox spikes on the blades to cut into 
packed solids. 

F. Scale build up tendency of feed slurry may require special arms 
and drive. 

G. An operating requirement to accumulate solids for defined periods 
of time will require a special mechanism design, as -t is not a 
normal operating procedure. 

H. Froth control or removal. 

I. Slurry temperature, vapors, gases, etc. may require covered 
and/or insulated tanks with attendant seals. 

J. Soil conditions and ground water elevation affect foundation de- 
sign and may determine mechanism i. 

K. Climatic conditions may require special considerations, such as 
enclosures around the drive and instrumentation. 

L. Measurement and control methods and control room location. 

M. An operating requirement to use a powered lift for purposes other 
than occasional corrective action. Refer to the section on 
"Thickener Operation and Operator Control." 
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LEARNING ACTIVITY 2 

(Donald A. Dahlstrom, Vice President and Director, Research and Development, 
Envirotech Corporation) 

4.2 Filtering* 

Learning Activity Objective 

After completing your study of this learning activity you should be able 
to discuss the factors of importance in selecting and sizing continuous filtering 
systems . 

4.2.1 Introduction 

The selection and sizing of filters depends on the 
characteristics of the type of filter and the feed slurry. 
In addition, the rate functions of cake formation, cake 
washing and cake dewatering must be determined in order 
to design the filter station on the basis of desired per- 
rmance. This chapter discusses the applied theory used 
to determine the rate functions and illustrates how to 
incorporate these into the filter cycle to obtain the re- 
quired objectives. This also permits the sizing of the 
filter and auxiliaries as well as the selection of the 
proper type of filter. 

With the yrowth in technology and size of the 
mineral processing industry, together with a greater em- 
phasis on hydrometallurgy, most filter applications now 
employ continuous filtration. This chapter will develop 
the methods utilized to select and size these units. 

4.2.2 Types of Continuous Filters 

Types of continuous filters must first be considered 
as their characteristics will influence data interpreta- 
tion and sizing. The percent of the filter cycle that 
can be devoted to cake formation, cake washing and cake 
dewatering will vary with the basic units. Cake dis- 
charge methods can vary within a basic type, whether cake 
washing can be practiced and even if two or more counter- 
current washes can be employed. 

Table I lists the ranges of the filter cycles that 
can be devoted to cake formation, cake dewaterinq and 
cake washing, as well as the minimum cake thickness that 
is required for efficient discharge. The Table has been 
divided into two groups — those forming their cake 
against gravity (bottom feed) and those forming cake witli 
gravity (top feed) . 

* Coordinator's note: This learning activity material was prepared by 
D. A. Dahlstrom for the text "Mineral Processing Plant Design", S.M.E., A.I.M.E., 
Chapter 28, pp. 578-600, 1978. It is reproduced here by written permission. 
Numbering of the sections and figures have been changed to coincide with our 
modular format. 
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The factors given in Table I definitely influence 
the filter selection as well as optimization. For example, 
as will be shown later, if a filter can discharge a 
thinner cake, productive capacity per unit area can be 
greater because of the shorter cycle time. In addition, 
with apparent submergences greater than 40%, stuffing 
boxes on the filter trunnions will be required for disc 
and drum type filters which may not be desirable for the 
type of feed slurry involved. 

The filters forming their cake with gravity are 
generaly applied to relatively fast filtering material 
and particularly if the solids cannot be left in suspen- 
sion by reasonable agitation of the type applied in a 
filter tank. The exception to this is the horizontal 
belt filter where very thin cakes (as thin as 3 mm) can 
be discharged and advantage can be taken of counter- 
current washing while minimizing wash fluid addition. 
Installation of 5 stages of counter-current wash have 
been used on the horizontal belt filter. 

4.2.3 Applied Theory of Continuous Filtration. 

The continuous filter cycle can be divided into three 
rate functions which can be analyzed separately. These 
are (1) cake formation rate (2) cake dewatering rate and 
(3) cake washing rate.'-' While one of these will usually 
be controlling, all of them must be considered in order 
to incorporate them into the filter cycle. This is 
another reason why the percentage of filter cycle time 
that can be devoted to the various three functions for 
each type filter must be considered. 

Cake Formation Rate 

As indicated in earlier publications this rate 
function can be defined by the following equation: 

Form Filtration Rate = Z = (1) 






Where Z = form filtration rate expressed as 
weight of dry solids per unit area 
per unit time of cake formation 

K = proportionality constant 

w = weight of dry cake solids per unit 
volume of filtrate 

4P = pressure drop across the cake 

AA- = viscosity of liquid, centipoises 

e^ = cake formation time per cycle 

o£. = specific resistance of the cake 
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Z is normally expressed either as kilograms of dry 
solids per square meter per hour of fonr. tine or pounds 
of dry solids per square foot per hour of form tine. 

It is stressed that the cake formation rate Z does 
not take into account the remainder of the filter cycle 
(cake wash time, cake dewatering time, dead time for dis- 
charge, and percentage of apparent submergence required 
by the specific type of filter). However, once the other 
rate functions are known, this rate formation can be 
worked into the total cycle by multiplying by the fraction 
of the cycle that will be employed for cake formation. 

The form filtration rate can be converted to the 
volumetric rate of filtrate by dividing both sides of the 
equation by w to obtain: 

Y =f K A P " 11/2 (2) 

Where Y = form filtration rate, volume of 
filtrate per unit area per unit 
time of cake formation 

Equations 1 and 2 are ideal equations and do not consider 
such things as the resistance of the filter cloth or the 
internal drainage network of the filter. The former is 
generally negligible in comparison to the specific resist- 
ance of the cake. However, it will be noticed that vary- 
ing form filtration rates will be experienced with 
different filter media. This is not generally due to the 
resistance of the cloth but instead the nature of the cake 
formed next to the filter cloth. As a tighter filter 
cloth is employed, the pores of the media bridge over with 
finer particles yielding a higher specific resistance at 
this critical layer. After that layer of formation, the 
cake itself becomes the filter media and the filtrate be- 
comes practically clear in most cases. Therefore, the 
most open filter media that gives reasonable filtrate 
clarity for process requirements consistent with good cake 
discharge and life should be employed. 



Specific resistance •^.is influenced by particle sizeT 
particle size distribution and shape. If colloidal 
solids are present, flocculation may significantly reduce 
specific resistance. In addition, feed solids concentra- 
tion can also influence specific resistance. As it will 
generally decrease to some extent as solids concentration 
is increased, this further emphasizes the importance of 
maintaining high filter feed solids concentrations. 

Cake Dewatering Rate 

The cake dewatering rate is a very complex phenomenon 
which can be reduced to its simplest form by the follow- 
ing equation: (3) 

%M = f(Fa, d, %M r ) (3) 

Where %K = weight % moisture of the discharged 
cake 

%M r = Wt.% residual moisture which is the 
moisture at equilibrium if 100% sa- 
turated gas is pulled through the 
cake at the pressure drop A P 
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Fa = approach factor which depicts the 
approach to %M r . 

d = particle size, particle size 
distribution and shape factor 

The term d is normally employed as a parameter as 
specific surface area alone does not give the total in- 
fluence, although it is undoubtedly a major factor. All 
of the surface area is wetted by a film of liquid and as 
this increases, moisture will increase. However, a 
particle size distribution parameter is normally used 
such as % -200 mesh, % -10 microns, etc. 

%M r very seldom needs to be measured because of the 
correlation methods that will be indicated. However, it 
should be realized that it is influenced not only by d, 
but also byAP» viscosity of the liquid, sometimes by 
cake thickness, and can be a function of the filter cloth 
employed primarily by the phenomenon indicated earlier. 
Surfactants can also influence %M r by decreasing surface 
tension or interfacial tension. Flocculants generally 
have little effect on %M r because the specific surface 
area is not changed. 

The term Fa is the major factor that is employed to 
determine optimum moisture content that can be achieved 
and the requirements to obtain it for a specific feed. 
From basic theory, it can be shown that Fa can be des- 
cribed by the following equation: (4) 



. wJlFt2j< 



a = Fa \AP e (4 ) 



Where W = cake weight of dry solids per 
unit area per cycle 



[cfm7 
Ft2j 



gas pulled through the cake mea- 
<j sured at down stream pressure as 
cubic feet per minute per square 
foot during the dewatering por- 
tion of the cycle 



63 ■ dewatering time during the cycle 
normally measured in minutes 

A plot of %M versus Fa will yield a descending curve be- 
coming asymptotic to some minimum value (%M ) as Fa is 
increased. It should be noted that the term 4 P may still 
have to be used as a parameter as it can affect %M r . 

The term Fa is valuable from two standpoints. Not 
only does it predict moisture content as a function of 

:ry variables which can be optimized, but it also 
yields energy requirements. The two terms 4 P and 
(CFM/Ft 2 ) d will give the requirements for the vacuum pump 
or compressor which is used as the driving force for fil- 
tration. 



From experience, it has been observed that the term 

i a 
(C 



Fa can be simplified to the following equation as long as 
(CFM/Ft2), is less than 20 CFM/Ft2 : (5) 
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[?] 



Fa = ffea (5 ) 



The same type of curve is experienced but parameters of 
AP must be employed. The (CFM/Ft 2 ) , is still measured 
in order to determine energy requirements. 

It should also be noted that as the correlating 
factor is increased either by increasing 63 or decreasing 
W, productivity per unit area of filtration will also de- 
crease. Thus, it is obvious that economics of capital 
and operating costs are involved to optimize moisture con- 
tent. 

Cake Washing Rate 

This rate function has two rate equations that must 
be considered. These are the rate of flow of the wash 
fluid through the cake and the efficiency of displacement 
of the mother liquor by the washing fluid. The first has 
been shown to follow the expression: (6) 

e w = K' e f n (6) 

Where e w = wash time during the filter cycle, 
normally measured in minutes 

K' = proportionality constant 

n = volume of wash fluid/volume of 
cake liquor 

Thus, a coordinate plot of wash time © w as a function of 
wash ratio n should yield a family of straight lines whose 
separation is proportional to ©f and will pass through the 
origin. Another way of plotting to obtain a single line 
is to plot © w /©f versus n. 

It should be noted that Equation 6 assumes that the 
mother liquor anu wash fluid are miscible and of rela- 
tively the same viscosity. If the viscosity of the wash 
fluid is less than the mother liquor the plot will show a 
faster penetration rate (less slope) after about a 0.7 
wash ratio is achieved. 

While the wash flow rate can be determined, this does 
not yield the efficiency of removal of the soluble solids 
by the washing fluid. This removal can occur both by dis- 
placement and diffusion. The ideal would be plug flow 
whereby one wash ratio applied would remove all the mother 
liquor from the cake. However, because of the zero velo- 
city of the liquid film next to the particle surface, 

some of the mother liquor can only be removed by diffusion. 
The removal efficiency has been shown to best agree with 
the following semi-log function: (6) 



L iooJ 



_R_ = | 1 - E l n (7) 

100 



Where R = % of soluble solids remaining 
in the cake after washing with 
100^ being that in the cake 
prior to wash 

E = wash efficiency % or 100-R 
at n=i.O 
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Thus, a plot of the log of the % remaining R as a function 
of the wash ratio n should yield a straight line. Ex- 
perience has shown that the agreement is good until a 
wash ratio of 1.5 to 2.5 is reached where a curved rela- 
tionship begins and becomes asymptotic to some minimun 
value. This is believed due to blocked capillaries which 
can only be removed by diffusion or reorientation of the 
cake. 

Wash efficiency E has ranged from a low of about 45% 
to a high of 86% for various applications investigated. 
Most values will range between 60 and 80%. However, some 
reduction in wash efficiency is almost always experienced 
in going from the first stage of wash to the second and 
so on. This will usually range from 3 to 5 percentage 
points per stage. Wash efficiencies will, in practically 
all cases, be higher than simply mixing the unwashed cake 
and refiltering and at the same time will require less 
wash fluid. 

4.2.4 Applied Theory Use in Predicting Full Scale Results. 

The applied theory is very useful in prediction of 
full scale results from representative samples. In most 
cases, only a small quantity of feed slurry is available 
and performance requirements of the filtration step must 
be determined. Such things as obtainable removal of 
soluble solids, final moisture content, or dilution of 
the mother liquor by washing fluid are important econo- 
mic factors and must be predictable. In addition, fil- 
tration rate, and thus capital costs, will be influenced 
by these same factors. 

Normally a 0.1 square foot filter leaf is employed 
for developing data due to the small amount of sample 
available. At the same time, a much broader 
investigation can be made with the test filter leaf if 
proper correlation methods are used. In this way, all 
rate functions can be determined, the optimum type of 
filter can be selected, the rate functions can be com- 
bined into the filter cycle to obtain desired performance 
and the resultant filtration rate can be calculated on 
the basis of performance. 

In performing the filtration step, various items are 
relatively easily measured. 

Feed solids concentration 

Solids size distribution 

Vacuum level or pressure drop 

Cake weight (wet) and thickness 

Cake moisture content 

Volume of filtrate 

Filtrate solids concentration 

Volume of wash fluid 

Soluble solids content of the cake and 

mother liquor 
Cake formation time 
Cake washing time 
Cake dewatering time 
Rate and volume of gas pulled through 

the cake 
Observations are also made on ease of 

cake discharge and required type 

of discharge. 
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From these data, all the rate functions can be determined. 
It is stressed that every effort should be made to simu- 
late probable full scale conditions such as feeding 
method, agitation, temperature, etc. 

Sizing Based on Cake Formation Rate 

To obtain the cake formation rate, form filtration 
rates are first determined by dividing the dry weight of 
the cake collected bv the area employed (usually 
1 ft = 0.0 09 3M 2 and by the time of cake formation 
in minutes and multiplying by 60 to obtain kilograms 
per square meter per hour of cake formation time. 

According to Equation 1, a log- log plot of form filtra- 
tion rate as a function of cake formation time should 
yield a straight line with parameters of feed solids con- 
centration, pressure drop and temperature. In addition, 
because of the importance of cake thickness and its in- 
fluence on cake discharge for the various types of 

filters, it is desirable to indicate cake thickness. 

Ideally, the line should have a slope of -0.50. However, 
if there is migration of solids after cake deposition or 
there is a shape factor effect, the slope can be more 
negative. With one exception, the slope should always 
lie between the limits of -1.0 and -0.50. Any other 
values indicate erroneous data. The one exception is the 
precoat filter where the resistance of the precoat bed 
can be greater than the deposited cake which can occur 
generally with feed solids concentration of 300 ppm or 
less. In these instances, the slope can be between zero 
and -0.50. 

As the slope becomes more negative, this will generally 
result in shorter full scale filter cycles to obtain eco- 
nomic filtration rates. However, sufficient cake thick- 
ness must be obtained for proper discharge with the type 
of filter employed. 

Figure 1 is a typical plot of the log of form filtration 
rate as a function of the log of form time. Parameters 
of feed solids concentration are indicated. Also, the in- 
fluence of flocculation is also indicated for the parti- 
cular material. When applicable, a sizeable increase in 
filtration rate is experienced with flocculation. 

Normally, about 5 tests at different form times are suf- 
ficient to determine the straight line relationship 
spread over a 5:1 to 10:1 cake formation time range. 
Validity of the data can be further checked by back- 
calculating the feed solids concentration and comparing 
with the measured value. The back-calculation will nor- 
mally be slightly lower because the solids must be ac- 
celerated to the cake; whereas, the liquid does not. 
If the back-calculated values are less than about 951 of 
the measured, solids must bo stratifying or settling 
such that the coarser ones are not being pulled to the 
cake. Thus, erroneous results will be predicted and cor- 
rective action should be taken. 
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To obtain a full scale rate, the form filtration rate at 
the desired cake thickness is multiplied by the fraction 
of the filter cycle time that will be devoted to cake 
formation and by a scale-up factor. The latter is nor- 
mally 0.8, but will depend on the type of filter. 1*1 
The scale-up factor should also take into account *»<* 
fhiiqs as reasonable fluctuations in feed quality, filter 
media blinding with time and other operating factors. 

As an example of scale-up based on cake formation 
rate only. Figure 1 can be employed. It will be assumed 
that this is of disc type feed and flocculation is re- 
quired. Furthermore, the feed solids size distribution 
contains some coarse material that must be kept in sus- 
pension so that the Agidisc Filter must be employed. A 
35% effective submergence (% of cycle exposed to vacuum 
under slurry) will bo used. Also, a 12 mm cake thickness 
for good discharge is selected. From Figure 1 at 40% 
feed solids concentration and with flocculation, the form 
filtration rate is 500 Kg dry solids/M 2 /hour of cake for- 
mation time. With the disc filter, an 0.8 scale-up fac- 
tor should be used. Accordingly, 

Full scale design rate = 500 x 35 x 0.8 

100 
= 140 Kg dry solids/M2/hour 
= 28.7 lbs. dry solids/F2/hour 

It should be emphasized that the scale-up factor 
takes into account % of cake discharge, and reasonable 
changes in f il terability and solids concentration of the 
feed. :. higher value of cake thickness greater than . 

I S mm) has been selected so that increased capacity- 
is available for higher production rates when needed. 



Scale-up Based on Cake Dewatering Rate 

Cake dewatering rate is determined by a coordinate 
plot of discharged moisture content as a function of the 
correlating factor ©a/W. Parameters of vacuum level may 
also be included. Figure 2 illustrates a typical plot 
with two vacuum levels. It should be noted that if the 
(cfm/ft 2 )^ is above 20 during the dewatering step, the 
correlating factor / ^p V CFm ) 8, should be employed. 

V wAFtS/d 

A sufficient spread of the correlating factor should be 
tested to determine the knee of the curve and about 100% 
beyond that point. This will usually entail a 10:1 
range in B d /W. 

To convert this to a production rate, the desired moisture 
content should be selected and accordingly a vr.lue of 
8jj/W. As a scale-up factor this value should normally be 

multiplied by 1.2 to take into account off-quality feeds 
and other factors. The cake weight per unit area per 
cycle is selected that yields a dischargeable cake so 
that the required cake dewatering time can be calculated. 
If dewatering time is measured in minutes, the filter 

le time can be calculated in minutes per revolution 
(MPR) by dividing the cake dewatering time by the 
fraction of the filter cycle that can be devoted to cake 
dewatering. Finally, the filtration rate is determined 
by multiplying W by 60/MPR. Thus 

Filtration Rate = 60x (8) 

1.2 (e d /w) x 
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Figure 4.2.1 Typical Plot of Form Filtration Rate vs. Form Time. 
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Figure 4.2.2 Typical Plot of Moisture Content vs. The Correlating Factor, F a . 
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Where Filtration Rate = weight of dry solids 

per unit area per 
hour 

x = Fraction of cycle time 
devoted to dewatering 

_4 = required value to achieve 
w 1 desired moisture 

MPR = 1.2(8 d ) 1 (9) 

x 

Where (e d ) -^ _ calce dewatering time obtained from 
(©d' w '*i at proper cake thickness 

It should be noted that the value of ©d/W should normally 
be selected at or beyond the lower portion of the "knee" 
of the curve as the sharply descending portion is rela- 
tively unstable. Furthermore, if moisture content is 
critical to later processing, it may be desirable to in- 
crease the scale-up factor. 

As an illustration, if 18% moisture were desired for the 
material of Figure 2, undoubtedly 22 inches of mercury 
vacuum would be employed as it could easily be justified. 
It will also be assumed that a drum filter should be em- 
ployed as thin cakes are involved. Accordingly, from 
Figure 2, ©d/W at 18% moisture = 0.18 minutes per Kg dry 
solids per meter 2 per revolution. The solids involved 

have a specific gravity of 2.7 and a dry solids filter 
cake density of 101.1 pounds per cubic foot (1609 Kg/M 3 ) . 
With 60% dewatering time on the drum filter and from 
Equation 8, 

Filtration rate = 60^0.f,^ = 166-7 Kg- dry solid s/hr/M 2 

=34.2 lbs. dry solids/hr/f t 2 

The filter cycle time can also be determined assuming 
an 8 mm cake thickness. 

©d = 0.18(1.2) = e d 
W 



1609 (6/1000) 

©d = 2.09 minutes 

MPR = 2.09 , ,„ . 

0.6 ~ 3.48 minutes/revolution 

By the same method, it is possible to determine moisture 
content as a function of filtration rate by selecting 
various fld/W values from a plot similar to Figure 2. 
There will be an upper limit at which cake thickness is 
too thin to permit effective discharge. Such a plot is 
shown in Figure 3 which would be typical for some iron 
ore concentrates. This permits selection of the filter 
station on the basis of desired performance. 

A plot can now be made of moisture content as a 
function of predicted filtration rate. There will be an 
upper limit at which cake thickness is too thin to permit 
effective discharge. A typical plot is shown in Figure 3. 
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Figure 4.2.3 Typical Curve of Cake Moisture Content as a Function of Filtration 
Rate. 
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To determine energy requirements (vacuum pump or 
compressor) . a measurement of gas rate through the cake 
as a function of dewatering time is made. This should be 
taken at the desired cake thickness. A typical plot is 
shown on Figure 4. It will be noted that the instant- 
aneous gas rite increased rapidly and levels off to some 
maximum value as the capillaries become dewatered. 
Generally, the maximum rate is employed as the desired 
value to ensure proper vacuum operation. As the filter 
internal drainage network must also be evacuated prior to 
filtration, a scale-up factor of 1.1 is usually employed. 
As vacuum or compressor requirements are usually based on 
total area, the following equation permits calculation: 

Required compressor or vacuum 
pump capacity = 



1 . 1 /CFM \ 



(10) 



Where (CFM/Ft 2 )^ = maximum gas rate during 

dewatering expressed as 
cubic feet per minute per 
square foot measured at 
downstream pressure 



Scale-up Based on Cake Washing Rate 

To determine the cake washing rate functions two 
plots are required. The first is a plot of e w as a func- 
tion of wash ratio n with parameters of 9c. A typical 
plot is shown in Figure 5. To check validity, the ratio 
of cake washing time at any one wash ratio should be ap- 
proximately equal to the cake formation time. However, 
this will generally "fan out" slightly more because of 
certain phenomenon. 

The second is a plot of R as a function of wash 
ratio n on semi-log paper. A typical plot is shown in 
Figure 6. Another convenient plot is % soluble solids in 
the washed cake as a function of the wash ratio on semi- 
log paper. Figure 6 permits the calculation of the wash 
efficiency term E at a wash ratio of 1.0. As a scale-up 
factor, the calculated value of E is usually lowered by 
5 percentage points to account for uneven distribution 
of wash fluid and reasonable off-quality of feed. 

Full scale filtration rate for cake washing can now 
be calculated. From Figure 5, a wash time is selected 
at a form time that yields a sufficient cake thickness 
for discharge and at a specific wash ratio. This value 
divided by the fraction of time during the filter cycle 
devoted to cake washing yields the cycle time. A scale- 
up factor of 1.2 is normally employed. Multiplying the 
cake weight selected by 60/MPR yields the full scale fil- 
tration rate. Thus 

Filtration Rate - W 60 S (11) 

1.2 e w 
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Figure 4.2.4 Typical Plot of Gas Rate Through the Cake as a Function of 
Dewatering Time. 
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Figure 4.2.5 Typical Plot of Cake Wash Time as a Function of Wash Ratio 
Parameters of Cake Formation Time. 
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Typical Plot of % Remaining of Soluable Salt in the Filter 
Cake as a Function of Wash Ratio. 
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Where filtration rate is measured in weight of 
dry solids per hour per total unit area W and 
8 W are selected values with 8 W measured in 
minutes 

S = Fraction of filter cycle devoted to cake 
washing 

From the full scale filtration rates calculated, it 
is now possible to draw plots of rates as a function of 
filter cycle time with parameters of wash ratio n. A 
drum filter selection will be assumed for the data of 
Figure 5. Cake weight at 8 mm cake thickness obtained 
at a 1.0 cake formation time will also be assumed. 
Cake weight is 2.48 pounds dry solids/Ft 2 /Rev. (12. 08 Kg. 
dry solids/M 2 /Rev. ) 

As the drum filter has 30% of the cycle available for cake 
washing, from Equation 11 and Figure 5 at a wash ratio n 
of 1.2, 

Filtration rate = 12.08(60^0.30 = 145 K g.dry Solids/M 2 /Hr . 
= 29.7 pounds dry solids/hour/ foot 2 



Also, from Figure 5 

MPR = 1.25 
0.3 



= 4.17 minutes/revolution 



Figure 7 givos the complete plot calculated by the same 
r.od. Included on the graph are lines of cake thick- 
ness so that proper discharge can be obtained. 

To calculate soluble solids recovery in the filtrate 
elimination from the cake, the determined value of 
wash efficiency E is employed with the suitable scale-up 
factor. This can be done by material balance determina- 
tions permitting both soluble solids recovery and concen- 
tration of the filtrates in soluble salts. 

Normally, one of the rate functions will be con- 
trolling with respect to filter cycle time- and filtra- 
tion rate. For example, if high soluble salt recovery or 
moisture content is critical, these respective rate func- 
tions will usually control. However, the others must be 
calculated to properly incorporate them into the filter 
cycle. It is also emphasized that in these two cases, 
the appropriate amount of cake weight per cycle must be 
applied if desired results are to be achieved. This 
usually results, for example, that for a drum or disc 
filter, a lesser amount of the cycle will be devoted to 
cake formation than is possible with the apparent sub- 
mergence . 

From the previous development, it is possible to de- 
sign the filter station to achieve desired performance 
for the respective feed, to optimize the filtration step 
with respect to economics and to determine energy require- 
ments for any condition. It is emphasized that this 
stems from applied theory, all of which was developed 
from the fundamental theory. 
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Figure 4.2.7 Typical Plot of Full Scale Filtration Rate as a Function of 
Filter Cycle Time Parameters of Wash Ratio and Cake Thickness 
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LEARNING ACTIVITY 1 



5.1 Overview 



Learning Activity Objective 

After completing your study of the material presented in this learning 
activity you should be able to briefly describe leaching methods, types of 
leaching equipment, types of leaching reactions, and types of leaching reagents. 

5.1.1 Introduction. 

Hydrometallurgical processes are playing an increasingly important role 
in the extractive metallurgy of both base and rare metals. There are several 
reasons for this growing interest: hydrometallurgical processes are relatively 
pollution free, especially with respect to air pollution; hydrometallurgical 
processes allow treatment of low grade ores or mining waste materials that can 
not be economically upgraded by conventional milling, smelting and refining; 
hydrometallurgical processes allow the mining and treatment of relatively small 
ore deposits; hydrometallurgical processes are usually lower in capital cost 
than smelters; and hydrometallurgical operations are relatively easy to control. 

A hydrometallurgical process can generally be divided into three main 
unit operations; namely, leaching of the desired metal into solution, concen- 
tration and purification of the pregnant solution, and, finally, recovery of 
the metal. The leaching process involves dissolution of metal value from a 
raw material into an aqueous solution with suitable chemical agents in a 
confined space. A general review of the raw materials, leaching agents, and 
leaching methods is presented in the following discussion, and a summary is 
given in Table 5.1.1. 

Raw Materials 

Raw materials that may be treated by leaching processes are primary ores 

and secondary metals. The former is obtained directly from ore deposits and 

the latter is obtained from recycled scrap and wastes. Secondary metals are 
further divided into the following categories: ) 

(1) Process waste - saw offcuts, grinding dusts, slags, flue dust, 

catalysts, sludges, etc. 

(2) Capital waste - discarded plant machinery, automobiles, electrical 

cables, etc. 

(3) Domestic waste - municipal waste contains large amounts of iron 

and aluminum, and a fairly large amount of copper 
and zinc. (The compositions of municipal waste 
and incinerator residue are listed in Table 5.1.2.) 

(4) Plant and Mine effluent 



s 



: secondary metals are recovered via pyrometallurgical processes. 
•, several hydrometallurgical processes have been proposed. (2,3) 



The primary source of raw materials are naturally occuring ores, 
ores may be native ores, oxide ores, or sulfide ores. 



How- 



These 
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Table 5.1.1 Summary of Leach Process 



Raw Materials 
Metals 



Oxides 



Sulfides 



Methods 



Reagents 
Acids 

Bases 



Complexing Agents 



Oxidation Agents 



Reducing Agents 



a. 
b. 
c. 

a. 
b. 
c. 
d. 

a. 
b. 
c. 

a. 

b. 
c. 
d. 



a. 
b. 

a. 
b. 
c. 

a. 
b. 
c. 
d. 

a. 
b. 
c. 
d. 
e. 

a. 
b. 
c. 



Native metal 
Scrap metals 
Cementation products 

Oxide ores 

Refractorial oxide ores 
Roasted calcines 
Sea Nodules 

Sulfide ores 
Matte sulfides 
Sulfidized products 

In-situ leach 

Dump and heap leach 

Percolation and Vat leach 

Agitation leach (atmospheric and pressure) 



Sulfuric acid 
Hydrochloric acid 

Lime 

Sodium hydroxide 

Ammonium hydroxide 

Free ammonia 
Cyanide salts 
Chloride salts 
Carbonate salts 

Oxygen 

Ferric salts 

Sodium or hydrogen peroxide 

Permanganate 

Manganese dioxide 



1 



CO gas 
SO2 gas 
H£ gas 
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Table 5.1.2 Average Composition of Raw Refuse and Municipal Incinerator 
Residues. > 



Material 




Raw 


Refuse, % 


Incinerator Residue, % 


Glass 






9.7 


30.0 


Aluminum 






0.6 


1.4 


Copper-Zinc 






0.3 


0.6 


Ferrous Metals 






8.5 


20.0 


Ash and Slag 






- 


48.0 


Paper 






31.3 


- 


Food Waste 






17.6 


- 


Yard Waste 






19.3 


- 


Plastic 






3.4 


- 


Leather, Rubber 




2.6 


- 


Wood 






3.7 


- 


Textiles 






1.5 


- 


Dirt, Ceramic, 


etc. 




1.5 


- 



V 



r 



Native 0res--The metals that commonly occur in the native form are noble 
metals, such as gold, silver, platinum, and copper, etc. One of the main 
sources of native copper is located in upper Michigan. Today, high grade 
ores have been mined out. In-situ leaching has been proposed as a means of 
recovering copper from the remaining low grade copper deposits. 

Oxide Ores--This class includes oxides, carbonate and silicates of 
common metals. Some hydrometallurgically treated oxide minerals are listed 
in Table 5.1.3. Copper, nickel, zinc and other oxides usually occur close 
to the surface of the earth due to the decomposition and alteration of 
primary sulfide ores. Most of the metal oxides are readily soluble either 
in acid or in alkaline media. However, they usually occur as finely dispersed 
substances in a gangue matrix. This makes the physical concentration diffi- 
cult. Successful hydrometallurgical processing of these types of ore 
require treatment of large amounts of materials to recover a small amount 
of metal values. 

Sulfide 0res--This class includes copper, zinc, nickel, cobalt, lead, 
antimony, arsenic and molybdenum sulfides. Treatment of sulfide ores is 
usually performed by pyrometallurgical operations. However, due to air 
pollution regulations, hydrometallurgical processing has gained great attention. 
Also due to the development of dump leaching techniques, several open pit 
mine operations use dump leaching to recover metal from cutoff grade sulfide 
ores. Common sulfide minerals and their chemical formula are listed in Table 
5.1.4. 




Leach Reagents 

The choice of a leach reagent depends on its availability, cost, stability, 
selectivity, ease of producing and regenerating and the ease of recovering 
the metal value from the leach reagent. 



y 
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Table 5.1.3 Oxide Minerals. 



Material 


Mineralogical 


Form 


Chemical Formula 


Aluminum 


Gibbsite 




A1(00H) 3 




Boehmite, Diaspore 


A100H 


Copper 


Azurite 




2CuC0 3 -Cu(0H) 2 




Malachite 




CuC0 3 -Cu(0H) 2 




Chrysocolla 




CuSi0 3 




Cuprite 




Cu 2 




Tenon" te 




CuO 


Tin 


Cassiterite 




Sn0 2 


Uranium 


Pitchblende 




U0 2 + U0 3 




Uraninite 




uo 2 + uo 3 


Zinc 


Zincite 




ZnO 




Hydrozincite 




ZnC0 3 -2Zn(0H) 2 


Nickel 


Nickel ferrous 


liminite 


(Fe,Ni)0(0H)-nH 2 



Table 5.1.4 Sulfide Minerals. 



Material 


Mineralogical Form 


Copper 


Chalcopyrite 




Chalcocite 




Covell ite 




Bornite 


Iron 


Pyrite 




Pyrholite 


Lead 


Galena 


Zinc 


Sphalerite 


Nickel 


Pendlandite 


Cobalt 


Mellerite 




Linnaeite 


Molybdenum 


Molybdenite 


Silver 


Argentite 


Antimony 


Stibnite 


Arsenic 


Realgar 



Chemical Formula 

CuFeS 2 

Cu 2 S 

CuS 

Cu 5 FeS4 

FeS 2 

FeS 

PbS 

ZnS 

(Fe,Ni) 9 S 8 

NiS 

CO3S4 

MoS 2 
Ag 2 S 
Sb 2 S 3 
As 4 S 4 



- 






\ 
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Acids — Sulfuric acid is the most widely used leaching agent, especially 
in the copper industry. One reason for this is that it is readily available. 
Sulfuric acid is a by-product at most smelter locations. Hydrochloric acid 
is sometimes used due to its formation of stable metal -chloride complexes. 

Bases--Alkaline leaching shows some advantages over acid leaching. 
These are: more selective, less corrosive, less reagent consumption for 
carbonate gangue. Sodium hydroxide, lime and ammonium hydroxide are among 

a the commonly used alkaline reagents. Ammonium hydroxide is commonly used 

in cobalt, nickel and copper industries due to the formation of stable metal- 
ammine complexes. Sodium hydroxide may sometimes be generated in-situ in 
the reactor by combining slaked lime with sodium carbonate: 

Ca(0H) 2 + Na2C03 = CaC03 + 2Na0H 

Oxidizing Agents--Air and oxygen are the most economical and commonly 
employed oxidizing agents. However, due to the low solubility of oxygen in 
aqueous solutions, ferric ion and cupric ion are sometimes used as an 
_ autocatalyst in leaching processes, i.e., ferric or cupric ion is used to 

dissolve metal value. The reduced ferrous or cuprous ions are reoxidized by 
oxygen. Some chemical oxidizing agents such as hydrogen peroxide, potassium 
permanganate, manganese dioxide, sodium chlorate have been used, but the 
application has not been widely adopted. 

Complexing Agents—Several metal ions, transition metals especially, 
form stable metal-complex ions with complexing agents, such as the copper (II) 
tetraammine complex. The commonly used complexing agents are cyanide salts, 
ammonia, chloride salts, carbonate salts, etc. 

5.1.2 Leaching Methods and Equipment. 

The principle methods of leaching are in-situ, dump, heap, vat and 
agitation. The choice of leaching method depends upon the chemical and 
physical characteristics of the ore and the associated minerals to be treated. 
The grade of the ore, the solubility of the metal value, the kinetics of the 
dissolution, the reagent consumption, the size of the operation, the type 
of the minerals, etc., are all important factors. 

In-situ Leach--In-situ leaching involves leaching of the broken ore in 
the ground as it occurs. The ore can be the shattered rock residue left in 
the mine after it has been mined out or the rubbleized orebody which can not 
be economically treated by conventional mining methods. In-situ leaching 
eliminates mining and handling large tonnages of materials, and deposing of 
the final waste products. 

In-situ leaching involves injecting a water solvent through inflow wells 

to an ore body. After passing through the ore body and dissolving some metal 

— value, the pregnant solution is pumped out through one or more product wells. 

Dump Leach--Dump leaching is used to extract metal values from run-of- 
*-» mine materials containing metal values less than the cutoff grade. The raw 

material is usually the waste generated during large scale open pit mining. 
This material is dumped on an impervious pad, and the aqueous solvent is 
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sprinkled on the surface of the dump and percolates through the dump by 
gravity. A pregnant solution is collected at the bottom of the dump and 
given further treatment. After completing the leaching cycle, the metal 
free solid residue is left on the pad. 

Heap Leach--The basic principle of the heap leaching operation is 

similar to dump leaching. However, heap leaching is used to extract metal 

values from run-of-mine ore instead of mining waste. The ore is usually 
porous and readily soluble in the aqueous solvent. 

Vat Leach--Vat leaching is used to extract metal values from higher 
grade crushed ore in a confined container. This method is preferred to 
heap leaching if the ore material is not porous and crushing is necessary 
to permit adequate contact between the aqueous solvent and the metal value 
in the ore. The crushed ore is usually 3/8-inch to 3/4-inch in size. If 
the particle size is too fine serious loss of permeability results and the 
solution cannot percolate through the solids. 

A vat leaching plant consists of a number of vats. Each is 60 to 175 
ft on each side and 10 to 20 ft deep, and equipped with special solution 
filters built around outlets at the base of the vat. The vats are usually 
constructed of reinforced concrete with a lining such as reinforced plastic. 

Agitation Leach--Agitation leaching is used to extract metal values 
from finely ground ore in a well mixed container. The method of agitation 
can be accomplished either by mechanical agitation or by airlift agitation. 
The mechanical agitation vessel, about 24 ft in diameter by 14 ft high, is 
usually baffled and equipped with turbine type propellers. The airlift 
agitation vessel, normally known as a Pachuca tank, is a cylindrical tank 
about 23 ft in diameter and 45 ft high, with a 60°C conical bottom. Air is 
injected through the bottom of the cone. The air serves to both lift and 
aerate the pulp. 

Pressure Agitation Leach — The advantages of pressure leaching over 
leaching at atmospheric pressure is that higher pressure permits operation 
at higher temperatures. This increases the solubility of the gaseous reagent, 
resulting in an increase in the leaching rate. Disadvantages, however, are 
the higher capital cost for the pressure vessels, greater instrumentation 
is required, and in general, the use of more complicated equipment requires 
greater operator training. 

Agitation in pressure vessels can be accomplished by mechanical agitation 
or by airlift. The former is known as an autoclave; the latter is a pressure 
Pachuca tank. A horizontal autoclave is used in most pressure leaching. They 
are about 10 to 15 ft in diameter and 25 to 50 ft in length. They are divided 
into three sections by baffle plates. Pulp enters at one end of the autoclave 
and is discharged at the opposite end after passing through each section. 
Each compartment is equipped with a turbine-type agitator. 

A pressure Pachuca tank is basically the same as a regular Pachuca tank 
except the top part of the tank is sealed in order to accommodate the higher 
pressure. 



5.1.6 



Leaching of Metals, 
Hydrometallurgy Oxides and Sulfides 

Acids--Sulfuric acid is the most widely used leaching agent, especially 
in the copper industry. One reason for this is that it is readily available. 
Sulfuric acid is a by-product at most smelter locations. Hydrochloric acid 
is sometimes used due to its formation of stable metal-chloride complexes. 

Bases--Alkaline leaching shows some advantages over acid leaching. 
These are: more selective, less corrosive, less reagent consumption for 
carbonate gangue. Sodium hydroxide, lime and ammonium hydroxide are among 
the commonly used alkaline reagents. Ammonium hydroxide is commonly used 
in cobalt, nickel and copper industries due to the formation of stable metal- 
ammine complexes. Sodium hydroxide may sometimes be generated in-situ in 
the reactor by combining slaked lime with sodium carbonate: 

Ca(0H) 2 + Na2C03 = CaC03 + 2NaOH 

Oxidizing Agents--Air and oxygen are the most economical and commonly 
employed oxidizing agents. However, due to the low solubility of oxygen in 
aqueous solutions, ferric ion and cupric ion are sometimes used as an 
autocatalyst in leaching processes, i.e., ferric or cupric ion is used to 
dissolve metal value. The reduced ferrous or cuprous ions are reoxidized by 
oxygen. Some chemical oxidizing agents such as hydrogen peroxide, potassium 
permanganate, manganese dioxide, sodium chlorate have been used, but the 
application has not been widely adopted. 

Complexing Agents--Several metal ions, transition metals especially, 
form stable metal-complex ions with complexing agents, such as the copper (II) 
tetraammine complex. The commonly used complexing agents are cyanide salts, 
ammonia, chloride salts, carbonate salts, etc. 

5.1.2 Leaching Methods and Equipment. 

The principle methods of leaching are in-situ, dump, heap, vat and 
agitation. The choice of leaching method depends upon the chemical and 
physical characteristics of the ore and the associated minerals to be treated. 
The grade of the ore, the solubility of the metal value, the kinetics of the 
dissolution, the reagent consumption, the size of the operation, the type 
of the minerals, etc., are all important factors. 

In-situ Leach--In-situ leaching involves leaching of the broken ore in 
the ground as it occurs. The ore can be the shattered rock residue left in 
the mine after it has been mined out or the rubbleized orebody which can not 
be economically treated by conventional mining methods. In-situ leaching 
eliminates mining and handling large tonnages of materials, and deposing of 
the final waste products. 

In-situ leaching involves injecting a water solvent through inflow wells 
to an ore body. After passing through the ore body and dissolving some metal 
value, the pregnant solution is pumped out through one or more product wells. 

Dump Leach--Dump leaching is used to extract metal values from run-of- 
mine materials containing metal values less than the cutoff grade. The raw 
material is usually the waste generated during large scale open pit mining. 
This material is dumped on an impervious pad, and the aqueous solvent is 
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The leaching vessel can be constructed from a wide variety of materials. 
The selection of the material depends on the temperature, the type and the 
strength of the leaching agent, the pressure of the operation, etc. An approxi- 
mate guide for the selection of materials for common reagents under oxidizing 
conditions is listed in Table 5.1.5.(4) 

Table 5.1.5 Examples of Containment Materials. 

H2SQ4 HCJ NaOH NH4OH 

Materials of Construction 

Wood Rubber Lined Mild Steel Stainless Steel 

F.R.P. Mild Steel 



Lead 

Lead & Acid Brick 

Stainless Steel 

Titanium 



Rubber Lined 
Mild Steel & 
Acid Brick 

Glass 

Titanium 



5.1.3 Thermodynamics of Leaching Reactions. 

The thermodynamics of leaching reactions are best illustrated by the use 
of Eh-pH diagrams, known as Pourbaix diagrams (Pourbaix diagrams have been 
presented in detail in an earlier module). Refer to the Eh-pH diagram for the 
Cu-S-H20 system (figure 5.1.1) for example. First of all, the dissolved species 
must exist between the two limits of water stability, e.g., the upper limit of 
water stability is described by the following reaction: 

Z°2 (g) + 2H+ (a,) + 2e ~ " H 2° (,q) [5-'- 1 ] 

E = 1.228 - 0.0591pH + 0.0147 log Pq 2 [5.1.2] 

The lower limit of water stability is described by the hydrogen evolution 
reaction: 

2H + + 2e" - H 2 , j [5.1.3] 

E = -0.0591 pH - 0.0295 log P H [5.1.4] 

To stabilize a dissolved species close to the upper limit of water stability, 
an oxidating environment is required; on the other hand, to stabilize a 
dissolved species close to the lower limit of water stability, a reducing 
environment is required. 

Judging from the Eh-pH diagram (figure 5.1.1), cupric ion, Cu2 + , and 
cuprite ion, Cu02^~, are stable ions in acid media and strong alkaline media, 
respectively. Copper (II) oxide which is stable in a neutral pH is readily 
soluble in acid or in strong alkaline solutions. Metallic copper, copper 
sulfides and copper (I) oxide require not only an acid or strong alkaline but 
also an oxidizing agent, for example 
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Figure 5.1.1 The Cu-S-f^O System. 




Stability relations among some copper compounds in the system Cu-H.-O- 
G : -S-CO- at 2S C and I atmosphere total pressure. Pc^ = 10" ' \ total dissolved sulfur 
species = 10"' [Courtesy J. Anderson] 



Source: R. M. Garrels, et.al., Solution, Minerals and Equilibria , 
Freeman, Cooper & Co. 
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Cu 2 + 4H + + 2° 2 = Clj2+ + 2H 2° [5.1.5] 

Although the Eh-pH diagram for each metal assemblage is unique, it can be 
generally stated that: Most base metal oxides when in their highest oxidation 
state are readily soluble in acid or strong alkaline media; and most metals, 
metal oxides in their lowest oxidation states, and metal sulfides require not 
only acid or strong alkaline reagents but also oxidizing agents for dissolution. 

You should be cautious about using Pourbaix diagrams when treating metal 
ions. It is a reasonable assumption to consider the species present to be 
simple ions only for alkaline or alkaline earth elements. A number of base 
metals, transition metals especially, tend to react with complexing agents to 
form stable metal complex ions. The most dramatic example is the dissolution 
of gold with cyanide salt. Complexing agents play an important role in the 
leaching process. Another example is cupric oxide, CuO, which is a stable 
solid in neutral or slightly alkaline media but is readily soluble in an 
ammoniacal solution, e.g., 

CuO + 4NH 3 + H 2 = Cu(NH 3 ) 4 2+ + 20H" [5.1.6] 

The dissolution of a mineral in an aqueous solution may be described by 
one of the following reaction types: 

(1) Water leach 

Examples: CuS0 4 * Cu 2+ + S0 4 2 " [5.1.7] 

CuCl 2 ± Cu 2+ + 2C1" [5.1.8] 

The minerals may be naturally occurring or may be produced by 
some other pyrometallurgical unit operation such as pretreatment, 
e.g., sulfating or chloridizing roast. 

(2) Acid leach 

Examples: CuO + 2H + ■* Cu 2+ + H 2 [5.1.9] 

ZnO + 2H + + Zn 2+ + H 2 [5.1.10] 

The minerals may be naturally occuring or may be produced by 
some other unit operation. 

(3) Alkaline leach 

Example: A1 2 3 + 20H" = 2A10 2 " + H 2 [5.1. IT] 

This example, representative of the Bayer process, demonstrates 
the effect of changing from acid to alkaline conditions to 
achieve leaching selectivity. Iron oxide is normally associated 
with the alumina but is not soluble in normal alkaline solutions 
and is, thereby, rejected from the system. 
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(4) Acid Oxidation leach 

Examples: Cu 2 S + 2 + 4H + = 2Cu 2+ + 2H 2 + S [5.1.12] 

Ferric ion can only serve as an oxidizing agent. In an acid 
media it precipitates as iron oxide in neutral and alkaline 
conditions. 

(5) Alkaline Oxidation leach 

Example: PbS + 20 2 + 30H" = HPb0 2 " + S0 4 2 " + H 2 [5.1.13] 

(6) Acid Oxidation leach with complexing ion formation 

Example: U0 2 + 2Fe 3+ + 2S0 4 2 " = U0 2 (S0 4 ) 2 2 " + 2Fe 2+ [5.1 .14] 

This complexing reaction demonstrates the changing of the 
uranyl cation to an uranyl anion by controlling the complexing 
agent. The anion complex can be selectively extracted by the 
unit operations of ion exchange or solvent extraction. 

(7) Alkaline oxidation leach with complex ion formation 
Examples: CuFeS 2 +4NH 3 +Yo 2 +20H~ = Cu(NH 3 ) 4 2+ +lFe 2 3 +2S0 4 2 ~+H 2 

[5.1.15] 
U0 2 + ^ + C0 3 2 " + 2HC0 3 " = U0 2 (C0 3 ) 3 4 " + H 2 [5.1.16] 

Again, alkaline leach may be more selective than an acid leach. 

(8) Reduction leach 

Example: Mn0 2 + S0 2 = Mn 2+ + S0 4 2 " [5.1.17] 

There are only a few examples that fit this category: Mn02, 
Fe203 and Sn02 etc. The lower oxidation state species are more 
soluble than the higher oxidation state species. 

5.1.4 Leaching Kinetics 

Leaching kinetics play an important role in hydrometallurgical processes. 
The kinetics are usually slow and heterogeneous. A detailed discussion on this 
topic has been presented in an earlier module, Hydrometallurgical Kinetics. 
Leaching reactions usually involve consecutive processes: 

1. Dissolution of gaseous reactants into the aqueous solution. 

2. Mass transfer of reactants through a liquid film to the solid/liquid 
interface. The reactants include acid or base, oxidating or reducing 
agents, and complexing agents. 

3. Mass transfer of reactants through solid product or gangue material 
to the mineral surface. The process can be carried out by pore 
diffusion or by solid state diffusion depending upon the porosity of 
the solid product. 

4. Interfacial reaction of the reactants with the mineral. The reactions 
involve adsorption reactions, chemical reactions and electrochemical 
reactions. 
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LEARNING ACTIVITY 2 

5.2 Leaching of Metals 

Learning Activity Objective 

After completing this learning activity you should be able to describe 
the theory and practice of gold cyanidation and ammonia leaching of metallic 
copper. 

5.2.1 Gold Cyanidation. 

5.2.1.1 Chemistry and Mechanism of Cyanide Leaching of Gold. 

It is well known and thermodynamically proven that oxygen does not oxidize 
gold in a normal environment, 

4Au + 2 + 4H + = 4Au + + 2H 2 AG° = 42.6 kcal [5.2.1] 

In the presence of cyanide ions, however, gold is readily soluble. A stable 
gold cyanide complex forms, 

4Au + 2 + 4H + + 8CN" = 4Au(CN) 2 " + 2H 2 AG° = -172.58 kcal [5.2.2] 

The dissolution of gold in cyanide solution is electrochemical in nature. 
Thompson^) has proposed an electrochemical model in which gold is dissolved 
at anodic sites while oxygen is reduced at cathodic sites. The anode and the 
cathode form a corrosion couple in which electrons transfer from anodic site 
to cathodic site through solid gold. The schematic diagram of gold cyanidation 
is presented in figure 5.2.1. The anodic and cathodic reactions are: 

Anodic: Au = Au + + e [5.2.3] 

Au + + 2CN" = Au(CN) 2 " [5.2.4] 

Cathodic: 2 + 2H + + 2e = H 2 2 [5.2.5] 

H 2 2 + 2H + + 2e = 2H 2 [5.2.6] 

The charge transfer reaction of H2O2, i.e., Equation [5.2.6], is slow resulting 
in a build up of H2O2 intermediate in the solution. 

(2 3) 
Several investigators v ' have shown that the kinetics of gold and silver 

cyanidation are diffusion controlled. For high concentrations of oxygen, the 

rate of the reaction depends on the diffusion of the cyanide ions through a 

liquid film layer, and for high cyanide concentrations, the rate is controlled 

by the diffusion of the oxygen through the film layer. For a fixed oxygen 

partial pressure, the rate increases with increasing cyanide concentration, 

finally approaching a plateau value at which the rate is proportional to the 

oxygen partial pressure (figure 5.2.2), indicating a shift from cyanide ion 

diffusion control to oxygen diffusion control. 
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Figure 5.2.1 Electrochemical Model for Gold Cyanidization. 
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Source: F. Habashi, Principles of Extractive Metallurgy , Vol. 2, 
Hydrometallurgy. 
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Fiqure 5.2.2 Effect of Cyanide Concentration and Oxygen Pressure (3.40; 
7.40 atm) on the Rate of Dissolution of Silver at 24 C. 
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Source: M. E. Wadsworth, Principle of Leaching in Rate Processes 

for Extractive Metallurgy, ed. H. Y. Sohn and M. E. Wadsworth. 



5.2.1.2 Gold Cyanidation Practice. 

The conventional gold cyanidation process involves an agitation leach, 
subsequent precipitation with zinc, and finally fire refining. A recent 
trend, however, is to eliminate the precipitation step by using activated 
carbon for gold adsorption, with subsequent desorption, and electrowinning. 
The exhausted carbon can be reactivated for recycling. The carbon-in-pulp 
process, similar to the resin-in-pulp technique employed in the uranium 
industry, has been used to treat the slimy leach pulp. (4) 

Cyanide heap leaching of low grade gold ores or mine waste materials 
has been given close attention. It has been practiced commercially in 
several gold mines in Nevada. ( 5 ) 

The chemistry involved in the dissolution of gold either in agitation 
cyanidation or in heap leach cyanidation is essentially the same. Oxygen 
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is necessary for the dissolution. Chemical oxidants such as sodium peroxide, 
permanganate, potassium ferri cyanide and ozone have been employed but their 
use has not been widely adopted. 

The strength of solution is usually about one lb of cyanide (NaCN equiva- 
lent) per ton of solution (water) for most of gold ores. Silver ores may 
require strength up to 6 lbs of NaCN per ton of solution. Gold-bearing concen- 
trate, obtained by gravitational concentration or flotation, are frequently 
treated by higher strength solutions. It is essential to use an alkaline 
solution to provide "protective alkalinity" in the cyanide solution, i.e., a 
pH range of 9 to 11 is maintained. 

Certain constituents known as cyanicides in the ore react with cyanide 
causing abnormal cyanide consumption and frequently influences dissolution or 
precipitation of gold and silver. Copper minerals are cyanicides, contents as 
little as 0.1% copper in the ore will create excessive cyanide consumption due 
to the formation of copper cyanogen complexes. Iron sulfide minerals if 
present in the ore are oxidized to some extent during a cyanide leach, thus 
resulting in the consumption of oxygen and cyanide. Acid neutralizes lime 
causing a high acid consumption. Arsenic and antimony-bearing minerals inhibit 
the dissolution of gold and silver to a certain extent. 

5.2.1.3 Conventional Gold Cyanidation. 

A conventional plant for processing gold ore consists of fine grinding, 
leaching in cyanide solution, countercurrent decantation for liquid-solid 
separation and residue washing, clarification of the pregnant solution by 
filtering, precipitation of the gold with zinc powder, and finally gold refining 
to produce dore bullion. The simplified flow sheet of a conventional gold 
cyanidation plant is shown in figure 5.2.3. Before the 1970's gold amalgamation 
was sometimes used in combination with cyanidation. (°) However, amalgamation 
processing has been discontinued due to government restrictions on the discharge 
of waters containing mercury. 

Precipitation of gold on zinc is an important step in the conventional 
process. The reaction may be represented by the following reaction: 

Au(CN) 2 " +2CN" + Zn + H 2 = Zn(CN) 4 2 " + Au + ^ + OH" [5.2.7] 

The clarification of the pregnant solution prior to the precipitation is essential 
It eliminates the suspended clay constituents that coat the zinc particles and 
retard the precipitation reaction. Elimination of dissolved oxygen from the 
pregnant solution is also important to prevent the redissolution of the precipi- 
tated gold. Oxygen removal is usually accomplished by a de-aeration process 
based on spraying or otherwise distributing the solution in a vacuum chamber. 
Excessive amounts of cyanide ions in the solution will result in an excessive 
consumption of zinc, 

Zn + 4CN" + 2H 2 = Zn(CN) 4 2 " + 20H" + H 2 [5.2.8] 

Soluble lead salts such as lead acetate or lead nitrate are often added to the 
pregnant solutions to form a zinc-lead couple which exhibits a greater activity 
as a precipitant than does zinc alone. 
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Several gold cyanidation plants separate the ore into sand and slime 
portions, and subsequently the sand and the slime are leached separated sc 
the operation procedure can be optimized for each treatment. (°> 



A new plant operation employing conventional cyanidation and zinc dust 
precipitation is located at De Lamar, Idaho. '') The plant is designed to treat 
1,400 tpd of pit ore and produces 2.2 million oz of silver and 13,400 oz of 
gold a year. The run-of-mine ore is crushed by 36 x 40-in jaw crushers 
followed by semi -autogenous grinding in a 18 x 9-ft mill. Lime for protective 
alkalinity purpose is added to the slurry before the grinding. Cyclones 
split the slurry from the mills into oversize for regrinding and an overflow 
for leaching. Dry cyanide is fed to the pulp just before the leaching step. 

Leaching is performed in four 40-ft high by 50-ft diameter mechanically 
agitated tanks. Air is sparged to each tank. The leach pulp advances in 
series to a counter current decantation (CCD) circuit composed of five 125-ft 
thickeners. The tailings are transferred to a tailing pond, and the clarified 
pregnant solution is processed in a standard precipitation and filtering 
system. The filter cake of gold is converted to gold dore bullion in a gas- 
fired furnace. 

5.2.1.4 Carbon Adsorption and Desorption Process. 

Carbon Adsorption--Activated carbon has the capacity of adsorbing the gold 
cyanide complex from unclarified cyanidation effluents, therefore, eliminating 
the liquid-solid separation, clarification, dHd Operation processing steps that 

solution and the con« n ? yd »™ 9en i " rK W^ depending mtL ' u"" Ch is eitne <- 
is reversibfe so that the h°" 0f the °"Kr caEs ?hV»l PH °J the cyanide 
•'Ml* solution ' the adSOrbed *>U can be desorbec J or dispTace°3 .^'^ 
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the gold from a loading of 300 oz of gold to 5 oz of gold per ton of carbon. 

The U.S. Bureau of Mines has modified the Zadra process to use hot caustic 
pressure stripping (figure 5.2.4). v") This change greatly reduces process time 
and reagent consumption. The process provides for stripping with 0.42 NaOH at 
about 150°C and 52 psi. Cyanide is not ordinarily required. Currently the 
Gortez gold mineOO; has adopted hot caustic pressure stripping to desorb gold 
from loaded carbon. Under the condition of 1% NaOH, 116°C and 60 psi, the 
retention time has been reduced to 12-20 hours. 

5.2.1.5 Electrowinning. 

The precious metal values contained in the strip solution can be electrowon 
from the solution, and the spent electrolyte recycled for stripping. The electro- 
lytic cell can be cylindrical^) or rectangulan '0) . The anodes are made of 
perforated, electrolytic grade carbon or stainless steel screen. The cathodes 
are usually steel wool confined in perforated containers which are made of 
polypropylene sheet or stainless steel. 

5.2.1.6 Cyanide Heap Leaching of Gold Ore.* 5 ' 

Cyanide heap leaching of gold ores is a comparatively recent hydrometallur- 
gical development for exploiting low-grade ores, mine waste materials or 
deposits too small to justify construction of milling facilities. The heap 
leaching process consists of piling coarse, treatable ore on an impervious pad 
and percolating it with small amounts of dilute lime-cyanide solution. The 
gold will be recovered from the pregnant solution either by conventional 
clarification, i.e.. the zinc precipitation method such as used by the Carl in 
Gold Mine Operation^) or by carbon adsorption and desorption followed by 
electrowinning such as used by the Smoke Valley Mine02) an d Cortez Gold MineOO) 
operations. A schematic diagram of heap leaching followed by carbon adsorption- 
el ectrowinning operation is presented in figure 5.2.5. 

The types of materials used for constructing the impervious pads include 
(1) compacted tailings mixed with bentonite, (2) asphalt or lignin sulfonate 
mix placed on compacted gravel and covered with an asphalt sealer, (3) rein- 
forced concrete pads, and (4) plastic or rubber sheeting. 

Heinen et.al. have classified the heap-leach cyanidation operations into 
two main categories — short-term leaching of crushed ore and long-term leaching 
of run-of-mine materials. 

In practicing short term heap leach cyanidation, the ore is crushed to 
minus 3/4 inch, stacked 4 to 8 feet high on permanent pads, each with a 
capacity ranging from 1,000 to 10,000 tons, and leached by sprinkling the top 
of the heap with dilute cyanide solution. Cyanide solution percolates through 
the heap dissolving the gold and silver values. It is subsequently collected 
on the water tight pad and transferred to a storage pond or tank. The leach 
cycle is generally from 7 to 30 days. After completing one leach cycle, the 
solid waste is removed from the pad and a new batch of crushed ore is applied. 
The Carl in Gold Mine 01) and Smokey Valley Mine02) are operating using this 
short-term method. 
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Figure 5.2.4 Modified Zadra Process 
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Figure 5.2.5 Schematic Diagram of Gold Heap Leaching. 
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Long-term leaching is designed primarily to extract gold from uncrushed, 
porous, sub-mi 11 -grade material from open pit operations. The ore charges 
are run-of-mine material about 6 inches in size. The size of the heap ranges 
from 10,000 to 2,000,000 tons. The height of the heap is about 20 feet. The 
leach cycle is measured in months or years. After completing the leaching 
cycle, the waste is left on the pad. Cortez Gold Mines has completed heap 
leaching approximately 5 million tons of run-of-mine cutoff material .(10) 
Cortez operated the first known integrated heap-leach cyanidati on-carbon 
adsorption-electrowinning plant at its Gold Acres property. A brief review 
of its operation is given as follows. 

5.2.1.7 Cortez' s Heap- Leach Cyanidati on. 

Heap-Leach--Cortez Gold Mines have been operating heap leaching circuits 
for low grade gold ore in conjunction with a conventional milling operation 
at its Nevada mine sites. At the Gold Acres mine the cutoff grade was 0.040 
oz per ton. The high grade ore was sent to the cyanidation mill. At a leach 
cutoff grade of 0.015 oz per ton, the leach ore was trucked to leach pads 
prepared on a 5% graded terrain. The impervious pads were made of local clay- 
silt or slime tailings (to a depth of about 15 inches) covered with a 4-inch 
layer of coarse gravel. Each heap, 20 ft high and 350 ft wide x 450 ft long 
at the base, contained about 17,000 tons of ore. 

A dilute lime-cyanide solution was sprayed by plastic sprinklers, spaced 
on 50-ft centers. Solution flow was about 0.0025 gpm per sq.ft. With the 
addition of NaOH, the pH of the leach solution was maintained at 10.5 and 
sodium cyanide concentration at 0.030%. Reagent consumption averaged 0.45 lb 
NaCN and 0.41 lb NaOH per ton of ore. The average extraction of gold averaged 
50% for about 3 to 4 months. The pregnant solutions from the heaps were 
transferred to a pond for further treatment. 

Carbon Adsorption--A schematic diagram of Gold Acres carbon recovery 
circuit is shown in figure 5.2.6. The gold-bearing pregnant solution from 
the pregnant solution pond was pumped through five carbon columns at a flow 
rate of 550 gpm. The tanks each held 3,000 lb of 12 x 30-mesh coconut shell 
activated carbon. The barren solution and the leach solution were run counter 
current. Normally, the pregnant solution contained 0.021 oz Au per ton of 
solution, and the barren solution after carbon adsorption contained 0.0005 oz 
per ton. The loaded carbon contained about 485.4 oz of gold per ton. 

Carbon Stripping— At Gold Acres pressurized hot caustic stripping was 
used to remove the gold cyanide complex from the loaded carbon in a 42- inch 
diameter, 10-ft high pressure vessel. A 1% NaOH solution was used for stripping, 
at a pressure of 60 psi and a temperature of 116°C. After a retention time of 
about 12-20 hours, the carbon was stripped to 0.5 - 2.0 oz of gold per ton, 
then washed, reactivated and recycled back to the carbon columns. 

Electrowinning — Gold was electrowon from the strip solution in two 
rectangular electrolytic tanks, each measuring 3% ft long x 3 ft wide x 3 ft 
deep. Each tank could hold six cathodes and seven anodes. Anodes were made 
of perforated, electrolytic grade carbon, while cathodes were constructed of 
perforated polypropylene sheet and fabricated to hold 2 lb of carbon steel wool. 
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Figure 5.2.6 Gold Acres Carbon Recovery Circuit. 



Gold Acres carbon recovery circuit, 
Cortez Gold Mines 




Source: Duncan, D. M. and T. J. Smolik, "How Cortez Gold Mines Heap-Leached 
Low Grade Gold Ores at Two Nevada Properties", E/MJ, July 65 (1977). 
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The polypropylene sheet served as an insulating medium between anodes and 
cathodes. The normal operation conditions were potential difference across 
anode and cathode of 2.5 v, and current of 22.5 amp per cathode. 

The electrowinning operation was performed in a batch system. After 
23 hours of electrowinning, the concentration of gold in the solution was 
reduced from over 24.7 oz per ton to 0.001 oz per ton. The gold containing 
cathodes were removed from the tanks, and the plated steel wool was treated 
in the refinery for recovery of gold as dore bullion. 

5.2.2 Leaching of Metallic Copper. 

5.2.2.1 Chemistry. 

Metallic copper heated by hydrometallurqical processing comes from 
several sources: mainly native copper, 03,14) cement copper, (15,16) anc j 
copper scrap. 07) The most acceptable method for the leaching of metallic 
copper is the ammoniacal oxidation leach. 

In the presence of oxygen, copper dissolves readily in ammoniacal 
solution according to the following electrochemical reactions: 

Anodic reaction, 

Cu + 4NH 3 = Cu(NH 3 ) 4 2+ + 2e [5.2.9] 

Cathodic reaction, 

^0 2 + H 2 + e - ^ 2 2 + OH" [5.2.10] 

The cupric tetraammine complex, Cu(NH3)4 , formed from Reaction [5.2.9] can 
also oxidize metallic copper. The following electrochemical reactions describe 
the process: 

Anodic reaction, 

Cu + 2NH 3 = Cu(NH 3 ) 2 + + e [5.2.11] 

Cathodic reaction, 

Cu(NH 3 ) 4 2+ + e = Cu(NH 3 ) 2 + + 2NH 3 [5.2.12] 

The cuprous ammine complex produced [5.2.12] will be rapidly oxidized by 
oxygen 

Cu(NH 3 ) 2 + + 2O 2 + H 2 + 2NH 3 = Cu(NH 3 ) 4 2+ + ^^ + OH" [5.2.13] 

In the latter electrochemical model, the cupric ammine complex behaves as an 
autocatalyst conducting the dissolution of the metal and the reduction of the 
oxygen. NicolOS) has indicated that the rate of dissolution is normally 
controlled by the diffusion of the oxidants, Cu(NH 3 )4^ + and 02, through the 
liquid film to the metal surface. Because the diffusions of Cu(NH3)4* + and 2 
are in parallel, the overall rate will be determined by the larger value of the 
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diffusion flux either of Cu(NH3)4 or of 02. Nicol has shown that the mass 
transfer of Cu(NH3)42 + will predominate as soon as the cupric ion concentration 
is greater than 4 x 10~3 M under an aerated condition at room temperature. 
Grove et.al.04) have indicated that the leach solution usually contains enough 
cupric ion and the metallic copper is usually partially oxidized, so that the 
leaching reaction normally reveals the catalytic effect without the additional 
charge of the cupric ion. 

5.2.2.2 Leaching of Metallic Copper— Practice/ ; 

Universal Minerals and Metals Inc. uses the ammonia-ammonium carbonate 
leach to dissolve metallic copper, followed by hydrogen reduction to produce 
copper powder. The flow sheet of this plant operation is shown in figure 5.2.8. 

The feed for this plant, originally scrap copper, is now cement copper. 
The high grade copper is charged into large agitation tanks through which leach 
solution is circulated. 

The leaching proceeds at 50 to 60°C at atmospheric pressure and dissolves 
the copper as ammine complexes. The final leach solution contains 140-160 gpl 
copper, of which about 100 gpl is Cu + and 50 gpl is Cu ++ . The filtered leach 
solution contains some lead and tin and these are removed by the addition of 
ground natural celestite which adsorbs the lead and tin from the solution. After 
filtration, the clear solution passes to the reduction section, where it is 
reduced at 200°C in horizontally stirred autoclaves under a total pressure of 
900 psig. No nucleation catalyst is required for copper reduction. 

The reduced end solution contains about 1.5 gpl Cu + and 10 gpl Zn. Some 

of this solution is boiled to recover NH3 and CO2, which is recycled to the 

leach section. This boiling also precipitates zinc carbonate, which is filtered 
off, washed, dried and sold. 

The copper powder produced is washed and dried. The powder is then sintered 
in hydrogen at 600-700°C. The sintered cake is pulverized and screened to 
produce copper powder. 
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Figure 5.2.7 Copper Dissolution by Ammonia-Ammonium Carbonate Process. 
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from Solution—Processes and Chemistry", Advances in Extractive 
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5.3 Leaching of Oxides 

Learning Activity Objective 

After completing your study of this learning activity material you should 
be able to describe the fundamental principles and basic operations of leaching 
oxide minerals. 

5.3.1 Thermodynamics and Kinetics. 

The thermodynamics of leaching of oxides is best explained by the use of 
Eh-pH diagrams. Figure 5.3.1 shows the Eh-pH diagram for the CU-O2-H2O system 
at 25°C. This diagram illustrates that copper oxide in its highest oxidation 
state, CuO, is readily soluble in acid to produce cupric ion. 



CuO + 2H + = Cu 2+ + H 2 



[5.3.1] 



Also, cupric oxide has an amphoteric character, and can be dissolved in a strong 
alkaline solution as cuprite ion, Cu02 , 

2- 



CuO + 20H = CuO. 



■ H 2 



[5.3.2] 



Figure 5.3.1 also illustrates the need for the presence of an oxidizing 
reagent to dissolve copper oxide in its lower oxidation state, Cu20, 



Cu 2 + 2° 2 + 4H+ = 2Clj2+ + 2H 2° 



[5.3.3] 



Although it isn't shown on the Eh-pH diagram, CuO is soluble in neutral or 
basic media in the presence of a suitable complexing agent such as ammonia, 



2+ 



CuO + H 2 + 4NH 3 = Cu(NH 3 ) 4 + 20H 



[5.3.4] 



The Eh-pH diagram for each metal oxide is unique. However, it can be 
generally stated that leaching of oxides can be accomplished by one of the 
following methods. 

1. A metal oxide in its highest oxidation state may be soluble in a 
strong acid; e.g., leaching of zinc calcine, 



ZnO + H 2 S0 4 = ZnS0 4 + H 2 



[5.3.5] 



2. A metal oxide in its highest oxidation state may be soluble in a strong 
basic solution; e.g., leaching of aluminum hydroxide, 



A1(0H) 3 + OH" = A1(0H) 4 " 



[5.3.6] 



3. A metal oxide in its lowest oxidation state may require a strong 
oxidizing agent for its dissolution; e.g., leaching of uraninite, 



U0 2 + io 2 + 2H + = U0 2+ + H 2 
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[5.3.7] 
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Figure 5.3.1 The Cu-0 2 -H 2 System. 
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However, several metal oxides are soluble in their lowest oxidation state; e.g., 
Mn02- In this case a reducing agent is required, 



Mn0 2 + 2Fe 2+ + 4H + = 2Fe 3+ + Mn 2+ + H 2 



[5.3.8] 



The rate of leaching of oxides is normally faster than the rate of leaching 
of sulfide minerals. Especially for those readily soluble oxides in which the 
rate is controlled by the diffusion of reagent to the metal oxide surface. 
However, several oxide minerals tend to occur in a finely disseminated fcrm 
within a refractory type matrix, for instance, nickel iferrous laterite. The 
solid state diffusion through those matrixes can be very slow. In addition, 

these type ores are usually not susceptible to physical concentration. As 

a result, it is necessary to treat a large quantity of ore in order to recover 

a small amount of metal values. 



5.3.2 Leaching of Uranium Oxides. 



(1) 



5.3.2.1 Hydrometallurgical Process for Uranium Oxides. 

Uranium can be considered for commercial recovery if it contains about 
0.2% U3O8. The uranium is often finely disseminated so that a significantly 
higher grade concentrate can not be made by physical separation of U3O8 from 
the gangue mineral phases. However, because uranium in its oxidized state is 
readily soluble in either acid or alkaline media, a hydrometallurgical process 
can be used to produce high grade U3O8. The process often involves leaching, 
solution concentration and purification, and U3O8 precipitation. 

The common uranium minerals are listed in Table 5.3.1. Two of the most 
common minerals are uraninite and pitchblende. Both are a mixture of UO2 and 
UO3. The Eh-pH diagram for uranium-oxygen-water is presented in figure 5.3.2. 
This diagram indicates that UO2 is relatively insoluble in acid media, while 
UO3 is readily soluble. 



Table 5.3.1 Common 


Uranium Minerals/ ' 




oxide 


uraninite 


(uf! x ; uSJ + )0 2 




pitchblende 


variety of uraninite 


complex oxide 


brannerite 


(U,Ca,Fe,Th,Y)(Ti,Fe) 2 6 




bavidite 


Ideally FeTiOy 


carbonaceons 


asphaltite 


U-organic complex 


phosphate 


autunite 


Ca(U0 2 ) 2 (P0 4 ) 2 '10-12H 2 


vanadates 


carnotite 


K 2 (U0 2 ) 2 (V0 4 ) 2 -1-3H 2 



The leaching step is the key operation in treating the uranium ore. 
The choice of acid or alkaline leach reagents influence the entire flow 
sheet arrangement shown in figure 5.3.3. Acid is used in a majority of mills. 
Acid leaching is more effective for most ores. The carbonate alkaline leach, 
however, is more selective than acid leaching and is especially useful for a 
high-lime ore that would consume excessive amounts of acid. If the uranium 
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Figure 5.3.2 Eh-pH Diagram of U-O2-H2O System, Total Concentration of 



Soluble Uranium Species is Equal to 1x10"° M. 
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Figure 5.3.3 Comparison of Acid and Alkaline Leach Processing Circuits 
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is in the reduced state (UO2), an oxidant is required during the leaching. 
Reagent strength, leaching time, oxidation potential, and temperature are 
among the controlled variables. The leaching operation can be carried out 
in an agitation leach, a vat leach, a percolation leach or an in-situ leach 
depending upon the grade of the ore. 

Concentration and purification of uranium from the dilute and impure 
acid leach solutions are a prerequisite to the production of final high grade 
U3O8. Alkaline leaching operations may, however, be sufficiently selective 
to permit elimination of the purification step. The two major techniques used 
for concentration and purification are ion exchange and solvent extraction, 
used either individually or in a combination. The ion exchange process is 
applicable to the treatment of both slurry and clarified acid or alkaline 
solution. Solvent extraction is presently used to treat only the clarified 
solution. Solvent extraction has been successfully applied as a second stage 
of purification following ion exchange. This combination is referred to in 
the United States as the Eluex process. The product is of high purity. 

Final recovery of uranium from the solution is achieved by chemical 
precipitation. In the alkaline process, the operation usually involves the 
addition of caustic to increase the pH to nearly 12. At this point uranium 
precipitates as a sodium uranate. In the acid process, the uranium is preci- 
pitated from the solution by neutralization with a base such as lime, magnesia, 
ammonia, or hydrogen peroxide. 

5.3.2.2 Acid Leaching of Uranium Oxides. 

Sulfuric acid is the most common lixiviant used in commercial practice. 
Uranium is present in the mineral as the tetravalent ion and must be oxidized 
before dissolution can occur. The common oxidant used for the acid leach is 
Mn02, NaC103 or O2. It is commonly believed that ferric iron is the specie in 
solution responsible for the oxidation reaction: 

2Fe 3+ + U0 2 = 2Fe 2+ + U0 3 2+ tt **■ " ' T «* [5.3.9] 

Ferrous iron is reoxidized by the oxidant O2, Mn02 or NaC103 to ferric 
iron for further oxidation, 

2Fe 2+ + ^D 2 + 2H + = 2Fe 3+ + H 2 [5.3.10] 

2+ 
Acid reaction with hexavalent uranium will also produce U0 2 , 

U0 3 + 2H + = U0 2 2+ + H 2 [5.3.11] 

7+ 
The uranyl cation, UO2 , further reacts with sulfate ion to produce uranyl 

sulfate and the complex uranyl sulfate anions as follows: 

U0 2 2+ + S0 4 2 " = U0 2 S0 4 [5.3.12] 

U0 2 S0 4 + S0 4 2 " = U0 2 (S0 4 ) 2 2 " [5.3.13] 

U0 2 (S0 4 ) 2 2 " + S0 4 2- = U0 2 (S0 4 ) 3 4 " [5.3.14] 



5.3.6 



Hydrometallurgy Leaching of Oxides 

The dissolved uranium may be present in any of the above forms, depending upon 
acid and uranium concentration, temperature, and other complex variables in the 
system. 

The uranium content in sandstone-type ore is usually in the form of hexa- 
valent minerals; typically carnotite, tyuyamunite, autunite, torbernite, and 
uranophane. These minerals are soluble in acid solutions, and oxidants are 
added only to insure against reduction by other ore constituents. Tetravalent 
uranium is principally found in the minerals uraninite and amorphous pitchblende 
which are present in many of the world's deposits. Oxidants are required when 
leaching these minerals in order to obtain high extraction. Leaching conditions 
may otherwise be moderate, employing ambient temperature and only enough acid 
to maintain a pH between 0.5 and 2.0. Some of the more difficult uranium ores 
to leach are refractory uranium minerals, e.g., most commonly found as brannerite 
and davidite. Strong acid and concentrated oxidant, high temperature, and long 
retention times are normally required for effective extraction. 

General operation variables used in practice are summarized below: 

1. Sufficient liberation of uranium minerals can be obtained by grinding 
to 30-40% minus 200-mesh. 

2. Acid consumption is normally 40-120 lb sulfuric acid/ton ore. 

3. The principle oxidants are Mn02, NaC103. Air oxidation is feasible but a 
pressure vessel may be required. 

4. Leaching time varies from 4 to 24 hours and temperature from ambient 
to 80°C. 

5.3.2.3 Carbonate Leaching of Uranium Oxides. 

Alkaline or ammonium carbonate leaching is possible. The solublized anion 
is 1102(003)3^". Selective dissolution of uranium can be made from suitable 
ores. Hexavalent uranium minerals are readily soluble in carbonate solution. 
But minerals containing tetravalent uranium are insoluble until they are oxidized 
to the hexavalent state. The method usually requires intensive leaching with 
a strong oxidant and long retention times at high temperatures. Often auto- 
claves or similar types of pressure vessels are required to achieve a satisfactory 
extraction of tetravalent uranium minerals. 

The basic reactions for carbonate leaching of UO2 and UO3 are: 

2U0 2 + 2 = 2U0 3 [5.3.15] 

U0 3 + C0 3 2 " + 2HC0 3 " = U0 2 (C0 3 ) 3 4 " + H 2 [5.3.16] 

Carbonate leaching is particularly advantageous in the treatment of ores that 
contain carbonate minerals, such as calcium and magnesium carbonates. The car- 
bonate leach solution does not attack the carbonate compounds of iron, aluminum, 
titanium, etc., and only slightly dissolves the compounds of molybdates, sili- 
cates, phosphates, aluminates, and other complex metal carbonates. 

Air, chemical oxidants or catalysts can be used as oxidants for the 
carbonate leach. The recent trend, however, is toward the use of air aeration 
in either Pachuca tanks or agitated pressure vessels (autoclaves). A Pachuca 
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tank is a tall vertical circular tank, about 45-ft high and 10-ft in diameter, 
with a conical bottom. The ore slurry is agitated by a jet of air entering at 
the bottom of the cone. A schematic diagram of a pilot-plant scale Pachuca 
tank is shown in figure 5.3.4. A 45-ft height slurry will create a pressure 
of approximately 30 psig at the bottom of the tank. The provision for operating 
under a pressure of up to 20 psig at the top will result in a total pressure of 
50 psig at the bottom. This improves the dissolution of oxygen. 

Autoclaves are usually divided into three compartments by baffle plates. 
Pulp enters at one end and discharges at the other after passing through each 
compartment. Each compartment is agitated by a mechanically driven turbine 
or propeller agitator. A schematic diatram of a pilot-plant scale autoclave 
is shown in figure 5.3.5. 

The responses of uranium ores to carbonate leaching in Pachuca tanks and 
autoclaves are shown in figure 5.3.6. A fast leaching rate can be achieved by 
using high temperature high pressure autoclaves. 

Some generalities can be made for uranium carbonate leaching: 

1. Fine grinding is usually required; e.g., 70-80* minus 200-mesh. 

2. The leach slurry normally contains 50-60% solid. 

3. The rate increases with increased carbonate and bicarbonate reagent 
concentrations. A minimum of 4.2 g/1 of bicarbonate is necessary for leaching 
at a reasonable rate. 

4. Operation conditions for autoclaves range in temperature from 95 to 
120°C and in total pressures from 30 to 90 psig. Air consumption ranges from 
1.3 to 3.0 standard cubic feet per minute per ton ore. The retention time may 
vary from 4 to 20 hours. 

5. Operation temperatures for Pachuca tank leaching range from 75 to 
80°C with total air consumption between 0.4 and 1.0 standard cubic feet per 
minute per ton ore. The retention time is about 3-6 hours. 

5.3.3 Leaching of Bauxite--Bayer Process. 

Bauxite is not a mineral. The name has been applied to various types of 
aluminum hydroxides; e.g., gibbsite, boehmite and diaspore. Gibbsite is 
alumina tri hydrate. Boehmite and diaspore are alumina monohydrates. A summary 
of the physical properties of these three minerals is listed in Table 5.3.2. 



Table 5.3.2 Types 


of 


Bauxite 


Ores.^ 






Property 






Gibbsite 


Boehmite 


Diaspore 


Formula 






A1(0H) 3 


A100H 


A100H 


Crystal structure 






monoclinic 


orthorhombic 


orthorhombic 


Density 






2.42 


3.01 


3.44 


Hardness (Moh) 






2.5-3.5 


3.5-4 


6.5-7 


Solubility in 100 


q/i 


NaOH 


128 


54 


insoluble 


at 125°C, g/1 AI2O3 
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Figure 5.3.4 Pachuca Tank. 
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Source: E. Peters, et.al., Hydrometallurgy: Theory and Practice, First 
Symposium, 1972. 

Figure 5.3.5 Pilot Plant Scale Autoclave. 
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Figure 5.3.6 Results of Carbonate Solution Leaching of Uranium Ores 
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Figure 5.3.7 Flow Sheet of the Bayer Process. 
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Bauxite is readily dissolved by sulfuric acid and by a caustic solution. 
Commercial processes are based on a caustic leach because it provides a means 
for rejecting iron from the alumina product. The process is called the Bayer 
process. In this process (figure 5.3.7 shows a simplified flow sheet of Bayer 
process) aluminum hydroxide is extracted by leaching with a caustic soda 
solution in steam-heated autoclaves. The main leach reactions are: 

Gibbsite and Hydrargillite: Al(OH) 3 + NaOH = Na[Al(0H) 4 ] [5.3.17] 

Boehmite and Diaspore: A100H + NaOH + H 2 = Na[Al(0H) 4 ] [5.3.18] 

The temperature of operation depends on the degree of hydration of the bauxite. 
Gibbsite, presented as the trihydrate, can be successfully leached at a 
caustic soda concentration of 130 to 200 g/1 NaOH, at 120 to 140°C with an 
average retention time of one hour. Whereas monohydrate bauxite, containing 
boehmite, requires caustic soda concentrations of 260 to 450 g/1 NaOH at 
temperatures of 180 to 250°C with retention times ranging from 2 to 4 hours. 
Diaspore requires temperatures above 250°C. 

The reagent caustic soda, NaOH, can be prepared separately and charged 
to the autoclave, or it can be formed inside the autoclave by adding sodium 
carbonate and lime water, 

Na 2 C0 3 + Ca(0H) 2 = 2Na0H + CaC0 3 [5.3.19] 

After solid-liquid separation, pure aluminum hydroxide ( tri hydra te- 
hydrargillite) is recovered from the leach liquor by cooling to 50°C in the 
presence of seed crystals of trihydrate hydrargillite. Alumina trihydrate 
is filtered, washed and calcined to anhydrous alumina. 

Hematite is not attacked by the alkaline leach. It, therefore, reports 
to the solid residue (red mud). Clay minerals react with caustic to form 
sodium silicate and sodium aluminate. These two compounds in turn react to 
form an insoluble sodium aluminum silicate, resulting in a low-silica leach 
liquor. A typical composition of bauxite, red mud, and calcined alumina 
product is presented in Table 5.3.3. 



Table 5.3.3 Composition of 


Bauxite 


and Products 








Bauxite 




Red Mud 


Cal 


cined Al 2 03 


A1 2 3 


57.8 




14.0 




99.55 


Si0 2 


3.5 




7.6 




0.05 


Fe 2 3 


24.3 




57.6 




0.04 


Ti0 2 


2.5 




5.7 




- 



5.3.4 Leaching of Nickel Oxides. 

5.3.4.1 General Considerations. 

The world's largest known reserves of nickel occur as nickel lateritic 
oxide ores. The chemistry of laterization started with weathering of parent 
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rock, peridolite which contains about 0.2% Ni . This weathering slowly 
separated nickel from the parent rock by dissolution into a liquid phase, 
and redeposited it at a greater depth, producing zones of high nickel 
content. Although nickel-bearing laterites vary in composition chemically 
and mineralogically, lateritic oxide ores are of two types. w) a limonite 
type, also called nickel i ferrous iron ore, occurs in the upper zone of the 
lateritic deposit in which ferric oxide minerals dominate. And a silicate 
type, also called nickel i ferrous silicate ore or serpentite ore is formed 
at deeper levels during the laterization. 

In nickel i ferrous limonites, (Fe.Ni )0(0H)-nH20, the nickel oxide is 
mainly in solid solution with the iron oxide. In nickeliferrous silicates, 
however, nickel, iron, and cobalt oxides are formed in various proportions 
replacing part of the magnesium oxide—notably in the mineral serpentine, 
Mg6Si40io(OH)8- Tne limonitic type of ores contain up to 1.5" Ni , whereas 
the serpentinic ores contain up to 3.0% Ni . An idealized section of a 
lateritic nickel orebody showing composition as a function of depth is 
presented in figure 5.3.8. ^' 

The metallurgical processing of nickel oxides is more difficult than 
for nickel sulfides. Sulfide ores can be upgraded by physical processes 
such as flotation and magnetic separation. The nickel in oxide ores, however, 
is uniformly disseminated. This prevents physical separation from gangue 
minerals. It is therefore necessary to treat large tonages of a relatively 
low grade nickel oxide to recover nickel. Since oxide ore often contains 
substantial quantities of high melting point refractory components, pyrometal- 
lurgical fusion of the ore requires a large amount of energy. Hydrometallur- 
gical treatment is an alternative means of treating these ores. 

(2) 
Roorda and Queneau v ' have suggested that the choice between hydro- 
metallurgy and pyrometallurgy is largely dependent on the composition of the 
ore, (represented in figure 5.3.8). A serpentite ore that has a high magnesia/ 
iron ratio can be processed by pyrometallurgy if the grade is high enough. For 
limonite ores that have a low magnesia content, hydrometallurgy is probably 
the best approach. 

Large scale nickel extraction from lateritic nickel ore utilizes either 
a direct sulfuric acid pressure leach or a reductive-roast followed by an 
ammoniacal leach or by a sulfuric acid leach. 

5.3.4.2 Direct Sulfuric Acid Leach. 

Sulfuric acid leaching of nickeliferrous laterite has been practiced in 
Moa Bay, Cuba.^ 5 ^ The laterite in Moa Bay is mainly limonite--low in magnesia. 
The project started during the late 1950's in Moa Bay. It included ore 
preparation, leaching, nickel and cobalt recovery. As far as is known, the 
Moa Bay plant is still in operation. ( 6 ) 

The key to the sulfuric acid leach at Moa Bay was to selectively leach 
nickel and cobalt from the iron-rich ore. The composition averaged 1.36% Ni , 
0.13% Co, 0.7% MgO and 67.9% iron oxide. If the ore were treated with sulfuric 
acid at ambient temperature, most of the iron would dissolve along with the 
nickel and cobalt. However, under autoclave conditions, i.e., 230° to 260°C, 
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Fiqure 5 3 8 Idealized Section Through a Lateritic Nickel Orebody Indicating 
Composition as a Function of Depth, and Proposed Type of Treat- 
ment. 
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95% of nickel and cobalt was dissolved but only a small amount of iron. 

At Moa Bay, the ore was ground to 85% minus 325-mesh. The slurry 
containing 45% solid was leached with concentrated sulfuric acid at 230°C 
in large vertical autoclaves (600 psi) which were lined with brick and lead. 
The flow sheet is presented in Figure 5.3.9. Under these conditions nickel 
and cobalt were solubilized as aqueous sulfate. The iron and aluminum were 
converted to insoluble hemitite and aluminum sulfate. (5) 

NiO + H 2 S0 4 = NiS0 4 + H 2 [5.3.20] 



CoO + H 2 S0 4 = CoS0 4 + H 2 [5.3.21] 

2Fe00H + 6H + = 2Fe 3+ + 4H 2 [5.3.22] 

2Fe 3+ + S0 4 2 " + 3H 2 = Fe 2 3 -S0 3 -H 2 + 4H + [5.3.23] 



2- , -,„+ 



Fe 2 3 -S0 3 -H 2 = Fe 2 3 + S0 4 + 2H [5.3.24] 



6A1 
2A1 



3+ , „e„ 2- . ,*„ n „., n , M «. n , n „+ 



+ 4S0 4 + 16H 2 = 3A1 2 3 -4S0 3 -9H 2 + 10H [5.3.25] 



3+ . , fn 2- .«,„_.,« .„™ .„ „ , „„+ 



+ 2S0 4 + 2H 2 = A1 2 3 -2S0 3 'H 2 + 2H + [5.3.26] 

Acid consumption was via one-third to free acid, one-third to tailings, 
and one-third to soluble salts. The required retention time was 1 to 2 hours 
depending on the temperature, acid concentration, ore composition, and particle 
size. 

After a solid-liquid separation, the pH value of the solution was raised 
to 2.5, and the nickel and cobalt were precipitated as sulfides by using 
hydrogen sulfide gas, 

NiS0 4 + H 2 S = NiS + H 2 S0 4 [5.3.27] 

CoS0 4 + H £ S = CoS + H 2 S0 4 [5.3.28] 

Detailed kinetic and chemistry studies on the direct sulfuric acid leaching 
of limonite was performed by Chou et.al.w) They have indicated that nickel 
extraction is independent of agitation after a brief initial mixing period. 
This suggests that film diffusion is not the controlling step. The optimal 
temperature was found to be between 250 to 270°C (shown in figure 5.3.10) with 
an activation energy of 30 kcal/mole during the first 30 minutes of leaching. 
Low temperature leaching apparently does not provide the driving force needed 
for rapid nickel extraction; and very high temperature apparently results in co- 



precipitation of nickel with other solid wastes. Another important variable is 
the weight of acid to a given weight of ore, i.e., acid/ore ratio. Increasing 
the acid/ore ratio results in an increasing extraction rate. However, short 
leaching time at high acid/ore ratio will also result in high concentrations 
of iron, aluminum and sulfate in the pregnant solution. 

4-n SaS tt ° n the Moa Bay °P eration » several techniques have been proposed to 
improve the process: 
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Figure 5.3.9 Freeport Nickel Co. Simplified Flow Diagram for Production 
of Nickel and Cobalt Powders from Laterites. 
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Figure 5.3.10 Nickel Extraction as a Function of Leaching Time and Temperature. 
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1. The use of the jarosite process or goethite process to remove excess 
iron from the solution. 

2. The use of nickel cementation by iron. 

3. The use of pyrite as the source of sulfuric acid, that is, instead of 
adding sulfuric acid directly, pyrite can be added to the slurry of the ore and 
will be oxidized to generate sulfuric acid within the autoclave, 

FeS 2 + 7.50 2 + H 2 ■* Fe 2 (S0 4 ) 3 + H 2 S0 4 [5.3.29] 

5.3.4.3 Reductive Roasting / Ammoniacal Leaching. 

Reductive roasting followed by ammonia leaching of lateritic nickel ores 
has been in operation at Nicaro, Cuba, since the 1940's. Unlike the ore at 
Moa Bay where the major lateritic ores are limonitic, the deposits at Nicaro 
are of the silicate type--high in acid soluble magnesia. The process includes 
the following stages: reductive roasting of the ore, followed by cooling under 
non-oxidized conditions, leaching in an ammoniacal ammonium carbonate solution, 
and then heating the pregnant solution to recover nickel and cobalt as a 
precipitate. The key step to this process was the reductive roasting to reduce 
the nickel oxide to metal. Nickel then could be leached in an ammoniacal 
solution. The roast converts most of the iron in the limonitic ore fraction 
of the ore to magnetite but does not attack most of the iron in the serpentine 
fraction. Iron compounds were, therefore, not soluble in the ammoniacal leach 
solution. A brief discussion of the Nicara operation is given below: (8) 

1. Reduction roasting--The roasting was performed in multiple-hearth 
reduction furnaces. Hot reducting gas was supplied by gas producers using 
anthracite coal. To control the selective reduction in the furnace, the 
ratios of hydrogen to water vapor and carbon monoxide to carbon dioxide were 
held as close to one-to-one as possible at the bottom of the hearth. The 
roasting temperature was approximately 760°C, and the retention time was about 
90 minutes. Under these conditions nickel oxide was reduced to metal, and 
ferric iron was reduced mainly to magnetite. The reduction reactions are 
idealized in the following equations: 

2NiO + H 2 + CO = 2Ni + H 2 + C0 2 [5.3.30] 

3Fe 2 3 + H 2 = 2Fe 3 4 + H 2 [5.3.31] 

However, since nickel oxide in the ore was mainly in solid solution, the end 
product was an iron-nickel alloy. 

It was of imrortance to make sure that the ore was not exposed to the 

air during cooling. If this happened, the microscopically fine and disseminated 

nickel metal would rapidly re-oxidize. Thus, making it insoluble in the 
leaching solution. 

2. Ammoniacal oxidative leach — The reduced ore was leached in a series 
of aerated agitation tanks. The nickel-iron alloy was oxidized and dissolved 
in the ammonia -ammonium carbonate solution. Nickel combined with ammonia in 
the solution to form the stable hexammine complex, and iron dissolved as 
ferrous iron, 
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FeNi + 2 + 8NH 3 + 3C0 2 + H 2 = Ni (NH 3 ) g 2+ + Fe 2+ + 2NH 4 + + 3C0 3 2 ~ 

[5.3.32] 

Ferrous iron was further oxidized to the ferric state and precipitated as 
iron hydroxide: 

4Fe 2+ + 2 + 2H 2 + 80H" = 4Fe(0H) 3 [5.3.33] 

3. Ammonia stripping and nickel precipitation--The clarified pregnant 
liquor was steam heated to vaporize ammonia and carbon dioxide for recycle. 

As the total concentration of ammonia was depleted to 2%, the nickel hexammine 
was converted to the diammine complex. When further heated, the loss of 
ammonia led to the reaction: 

Ni(NH 3 ) 2 2+ = Ni 2+ + 2NH 3 [5.3.34] 

The nickel ions combined with hydroxyl and carbonate ions in the solution to 
form the insoluble basic nickel carbonate: 

5Ni 2+ + 60H" + 2C0 3 2 " = 3Ni (0H) 2 -2NiC0 3 [5.3.35] 

4. Calcining—After a solid/liquid separation, the nickel basic carbonate 
precipitate was dried and calcined in a rotary kiln at 1100°C to drive off 
water and carbon dioxide, and nickel oxide powder was obtained according to 
the following reaction: 

3Ni(0H) 2 -2NiC0 3 = 5NiO + 3H 2 + 2C0 2 [5.3.36] 

5. Sintering--The above product was combined with coal and pelletized, 
then sintered at 980°C to produce a mixture of metal oxide and metal: 

2NiO + |o 2 + C = NiO-Ni + C0 2 [5.3.37] 

The sintered cake contained an average of 88% Ni , 0.7% Co, 0.3% Fe, and 1.7% 
silica. 



to 



Based on the Nicaro operation, several new processes have 
improve the purity of nickel and the recovery of cobalt. W 



been proposed 



Sherritt-Gordon^) has presented a reductive roast/arnmoniacal leach/hydrogen 
reduction process for the treatment of laterite. The process has been tested in 
a pilot plant at Fort Saskatchewan, and will be used in the new nickel refinery 
by the Marinduque Mining and Industrial Corporation in the Philippines. 

The Sherritt process reduces lateritic ore at 650°C prior to leaching with 
ammonia carbonate solution at atmospheric pressure (which resembles the process 
used at Nicaro). But in the Sherritt process, cobalt together with some of the 
nickel, is removed from the pregnant leach solution by hydrogen sulfide preci- 
pitation. The cobalt-free solution is steam heated to strip off ammonia and 
carbon dioxide for recycle, while nickel basic carbonate is precipitated. The 
nickel carbonate is redissolved in ammoniacal carbonate solution at a higher 
nickel concentration. The nickel solution is then partially precipitated by 
steaming. The resultant nickel carbonate is pressure reduced with hydrogen gas 
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at 165°C to recover the nickel as metal nickel. A simplified flow sheet 
diagram is shown in figure 5.3.11. 

Sherritt Gordon has also developed a reductive roast/sulfuric acid leach/ 
hydrogen reduction process to treat a calcined cobalt and nickel concentrate. 
The calcine is a by product from a lead-zinc operation and contains about 14% 
cobalt and 20% nickel. This material, in the form of refractory ferrites, was 
found to resist direct pressure leaching. The developed process consists of 
converting nickel and cobalt to an acid-soluble form by hydrogen reductive 
roasting at 1350°F, oxidative sulfuric acid leaching at 210°F under oxygen 
partial pressure of 20 psi , copper removal by hydrogen sulfide precipitation, 
and iron removal by raising the pH to 5.2 with NH3 under oxidizing conditions. 
The purified cobalt nickel solution is then treated in the existing cobalt 
plantPW The nickel is separated as nickel ammonium sulfate and the cobalt 
is recovered as a metal powder by reduction of the solution with hydrogen. 

5.3.4.4 Sulfidization Process. 

Republic Steel Corp. and the Colorado School of Mines Institute have 
developed a process to treat lateritic nickel ore from both limonitic and 
serpentinic ores. The process, known as the HSO-HTCP process (hydrothermal 
sulfidization oxidation-high temperature cementation-in-pulp) involves aqueous 
sulfidization of nickel, followed by oxidation to water-soluble sulfate and 
recovery of nickel by cementation with iron. 02,13) j ne simplified flow sheet 
diagram of the process is presented in figure 5.3.12, and a brief process 
description follows: 

1. Sulfidization--The lateritic ore, 85* minus 200-mesh, is sulfidized 
by reacting it with sulfur under hydrothermal conditions at 230 to 240°C 
under a steam pressure of 455 to 580 psig. The sulfidization reactions for Ni , 
Co, and Fe are: 

3NiSi0 3 + 4S + H 2 = 3NiS + 3Si0 2 + H 2 S0 4 [5.3.38] 

Fe 2 3 + 5S + H 2 = 2FeS + H 2 S0 4 [5.3.39] 

3CoSi0 3 + 4S + H 2 = 3CoS + 3Si0 2 + H 2 S0 4 [5.3.40] 

The sulfuric acid generated due to the sulfidization reactions immediately 
reacts with acid consuming constituents of the ores, resulting in a final pH 
of about 5.0, 

(Ni,Mg)Si0 3 + H 2 S0 4 = (Ni,Mg)S0 4 + H 2 + Si0 2 [5.3.41] 

2. Oxidation--The sulfidized pulp is then oxidized at 200°C with air at 
200 psig to produce soluble nickel sulfate, 

NiS + 20 2 = NiS0 4 [5.3.42] 

Under the above conditions, iron sulfides are first oxidized to ferrous sulfate 
and then further oxidized to ferric sulfate and precipitated as ferric oxide. 

2FeS + 2H 2 + 70 2 = 2FeS0 4 + 2H 2 S0 4 [5.3.43] 
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Figure 5.3.11 Reduction Roast--Ammonium Carbonate Leach— Pressure Reduction 
Process for Treating Nickel Laterite. 
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4FeS0 4 + 2 + 4H 2 = 2Fe 2 3 + 4H 2 S0 4 [5.3.44] 

The acid produced reacts with any remaining nickel magnesium silicates, 

(Ni,Mg)Si0 3 + H 2 S0 4 = (Ni,Mg)S0 4 + H 2 + Si0 2 [5.3.45] 

3. Neutralizing hydrolysis— The oxidation leach pulp usually contains 
fairly large amounts of acid and ferric iron. These can result in an excessive 
use of iron powder in the subsequent cementation step: 

2H + + Fe = Fe 2+ + H £ [5.3.46] 

2Fe 3+ + Fe = 3Fe 2+ [5.3.47] 

A neutralizing hydrolysis is used to control this problem, i.e., the removal 

of excess acid and ferric iron is accomplished by adding acid-consuming material 

such as high-magnesium lateritic ore to adjust the pH of the pulp to about 2.0, 

H + + OH" = H 2 [5.3.48] 

2Fe 3+ + 2H 2 = Fe 2 3 + 6H + [5.3.49] 

4. Cementation — The recovery of dissolved nickel and cobalt values from 
the solution is achieved by cementation with iron at 135 to 150°C. 

5.3.5 Leaching of Ocean Manganese Nodules 

Extensive deposits of manganese nodules occuring on the ocean floor 
represent substantial reserves of manganese, nickel, copper and cobalt. 
Manganese ocean nodules are lumpy black-brown concretions averaging 2 to 4 cm 
in diameter. The majority of the nodules lie on the surface of the ocean. 
The average growth rate of the nodule is extremely slow, e.g., a few millimeters 
every million years. 

The principle constituent of sea nodules is manganese, but they also 
contain the more important metal values nickel, copper and cobalt. A typical 
analysis of principle metal values for Pacific and Atlantic manganese nodules 
is presented in Table 5.3.4. 

5.3.5.1 General Consideration. 

Manganese nodules are composed primarily of manganese and iron oxides 
and hydroxides with smaller amounts of nearly every known element. AgarwalH5) 
et.al. have analyzed the market and revenue potential for manganese and iron, 
and found that their recovery from sea nodules would not be competitive with 
the existing market. The economic interest in nodules is focused primarily on 
copper, nickel and cobalt, and several other valuable metals such as molybdenum, 
titanium and zinc. 

The metal values, Ni, Co, and Cu, are finely and chemically disseminated 
in a manganese oxide matrix of the ore. The ore is not suitable for physical 
separation. Also, the nodule is very porous; i.e., 50 to 60% porosity. Even 
when drained, the nodules still contain 30 to 40% free moisture, and another 
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Table 5.3.4 Average Composition of Air-dry Manganese Nodules (% by weight). (I 4 ) 





Pacific 


Atlantic 


Mn 


29.8 


15.7 


Fe 


4.8 


15.5 


Co 


0.2 


0.41 


Ni 


1.36 


0.59 


Cu 


1.20 


0.14 


Zn 


0.12 


0.05 


Pb 


0.05 


0.15 


A1 2 3 


5.70 


4.90 


Si0 2 


13.0 


2.90 


Ca 


1.47 


17.32 


Mg 


1.70 


1.70 


Si 


0.07 


0.19 


Ba 


0.61 


0.52 


K 


0.79 


0.31 


Na 


2.6 


2.3 


P 


0.05 


0.15 


Ti 


0.44 


0.34 


Mo 


0.05 


0.05 


V 


0.05 


0.07 


H2O 


16.2 


15.6 


L.O.I. 


22.0 


23.8 



10 to 15% chemical combined water. ^6) Based on the above characteristics, 
the pyrometallurgical processes for smelting this refractory type of nodule 
requires a large amount of energy to recover only about 3% valuable metals. 
Even the roasting process requires excessive energy to remove large quantities 
of water. Pyrometallurgical approaches, suggested by Agarwal et.al.C16), are 
not well suited to nodule processing. 

Several hydrometallurgical processes^ ' proposed to recover metal values 
have been either the selective removal of metal values without disturbing the 
manganese oxide matrix, or the extraction of metal values while destroying the 
entire matrix. The former, such as a sulfuric acid leach, requires high 
temperature, high pressure and high reagent concentrations to overcome the 
slow diffusion process. (18) j n a sulfuric acid leach circuit, it has been 
reported that acid consumption is usually high. 

Manganese exists in the nodule in the tetravalent state which is insoluble 
in aqueous solution. In order to destroy the manganese matrix a reduction 
process is required, e.g., the Caron process, "9) gaseous reductive roasting 
of lateritic nickel oxide (described earlier as applied to the Nicaro Plant). 
An aqueous reducing leach process for the treatment of nodules has been used, e.g. 
sulfur dioxide, SO2, was the reducing agent. (20) it was reported that at 25°C 
equilibrium was reached in less than 5 minutes with 95? dissolution of both Ni 
and Co, 85% of the copper, 45% of the manganese, and 60% of the iron. The 
presence of high concentrations of manganese and iron in solution make the 
recovery of nickel, cobalt and copper difficult. 

The Kennecott Copper Corp. has developed a process known as the Kennecott 
Cuprion process. The process uses aqueous reduction to selectively extract 
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the metal values and leave behind the solid products of manganese and iron. 
A brief discussion is as follows. 

5.3.5.2 Kennecott Cuprion Process. 

An ammoniacal ammonium carbonate solution is used to dissolve nickel, 
cobalt, copper and molybdenum. Carbon monoxide is the aqueous reducing agent. 
Manganese is reduced, dissolved, and subsequently precipitated by the carbonate 
ion as a solid product. Although carbon monoxide is a powerful reducing agent, 
it is kinetically inert at ambient temperature. The key of the process was to 
utilize cuprous copper ion as a catalyst. The cuprous ion readily reduced 
manganese dioxide while it was oxidized to the cupric form. The cupric ion, 
as an intermediate, is reduced back to the cuprous ion by carbon monoxide. 
Both Cupric and cuprous ions are soluble in ammonia-ammonium carbonate solution. 
Reagent copper is derived from the ore, no additional charge of copper for 
this process is necessary. 

The process flow sheet is rather simple, i.e., size reduction, reduction 
leaching, and clarification steps. The nodules (containing 40% sea water) are 
wet ground with recycle reduction liquor to minus 60-mesh. 

The minus 60 mesh ammoniacal nodule slurry is reduced in a series of stirred 
tank reactors at about 50°C. Twenty minute retention times are required for 
each tank. The leach slurry contains 3 to 4% solid; a total ammonia concentra- 
tion of about 100 g/1 and carbon dioxide of about 20 g/1 . The carbon monoxide 
is sparged into each reactor. During the leaching, cuprous ions reduce the 
manganese in the nodule and produce a manganese (II) carbonate precipitate: 

Mn0 2 + 2Cu(NH 3 ) 2 + + 2NH 3 + (NH 4 ) 2 C0 3 = MnC0 3 + 2Cu(NH 3 ) 4 2+ + 20H" [5.3.50] 

Carbon monoxide regenerates the cuprous ion: 

2Cu(NH 3 ) 4 2+ + CO + 20H" = 2Cu(NH 3 ) 2 2+ + 2NH 3 + (NH 4 ) 2 C0 3 [5.3.51] 

At the same time, copper, nickel and cobalt are dissolved as metal ammine 
complexes, and iron oxide is not attacked by the ammonia. Under these conditions, 
reduction of the manganese is typically 98% complete, and 98.4% of Ni and 96% Cu 
are dissolved. 

The reduced product enters a clarifier, the overflow is recycled. The 
underflow carries the dissolved nickel, copper and cobalt and contains approxi- 
mately 40% solids. It is oxidized with air to convert the cuprous ion to 
cupric ion to facilitate copper recovery by solvent extraction. The oxidized 
slurry is washed and decanted. The pregnant liquor contains nickel and copper 
concentration in the range of 4 to 10 g/1. The tailings retain only a small 
fraction of the metal values but all of the iron and manganese. 

The pregnant liquor includes various metal values, especially copper, nickel, 
cobalt and molybdenum. Kennecott Copper Corp. (21) has also developed a fluid 
ionic exchange (FIX) technology to extract both copper and nickel with LIX 
reagent while the raffinate may be treated by chemical means to recover cobalt 
and molybdenum. The residual liquor is recycled. Copper and nickel in the 
loaded organic is separated by selective stripping. Nickel is first removed 
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with weak sulfuric acid solution controlled to a pH of 3.0. Copper is then 
stripped with a stronger sulfuric acid solution. The production of nickel and 
copper metal is accomplished by electrowinning. The quality of copper and 
nickel cathode is comparable to electrorefined cathode. 

5.3.6 Leaching of Copper Oxide. 

Although most research efforts have been directed to the leaching of copper 
sulfide minerals, commercially the leaching of oxide ores is very important. 
Copper oxide is usually finely disseminated in an ore. It is the degradation 
product of an original sulfide deposit. This type of ore is usually low grade 
and not suitable for physical concentration. The pyrometallurgical processes 
for the treatment of copper oxide ores may not justify the cost of the operation. 

Copper in the form of oxide is readily soluble in acid or alkaline solution. 
The sources of copper oxide ore are: sulfide flotation tai 1 ings , '^^ »23) -| ow 
grade mined ore, (24) mining waste, (24) an( j ox ide flotation concentrates. (25) 
The principal copper oxide minerals are azurite, chrysocolla, and malachite. 
Varying amounts of cuprite and tenorite are known to be contained in some ores. 

Although ammoniacal solution and other leaching reagents can be used for 
the leaching of copper oxide, sulfuric acid is used in almost all leaching 
operations; i.e., H2SO4 acid is readily available at a relatively low cost. 

An advantage of using sulfuric acid leach technique is the ease of recovering 
metallic copper from solution. Ferric sulfate usually exists in the sulfuric 
acid leach solution and is often the oxidizing agent. Sulfuric acid may be 
generated by the oxidation of pyritic minerals. The leaching reactions for 
each specific oxide minerals are: 

Azurite, 

Cu 3 (0H) 2 (C0 3 ) 2 + 3H 2 S0 4 = 3CuS0 4 + 2C0 2 + 4H 2 [5.3.52] 

Malachite, 

Cu 2 (0H) 2 C0 3 + 2H 2 S0 4 = 2CuS0 4 + C0 2 + 3H 2 [5.3.53] 

Chrysocolla, 

CuSi0 3 -2H 2 + H 2 S0 4 = CuS0 4 + Si0 2 + 3H 2 [5.3.54] 

Cuprite, 

Cu 2 + H 2 S0 4 = CuS0 4 + Cu + H 2 [5.3.55] 

Cu 2 + H 2 S0 4 + Fe(S0 4 ) 3 = 2CuS0 4 + H 2 + 2FeS0 4 [5.3.56] 

Tenorite, 

CuO + H 2 S0 4 = CuS0 4 + H 2 [5.3.57] 
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The recovery of copper from 1 
either cementation or electrowinn 
metal has a porosity of only abou 
necessary. On the other hand, el 
extraction will produce cathodic 
refined copper. A simplified lea 
in Figure 5.3.13. Leaching acid, 
regenerated from extraction, stri 



each liquors is almost entirely by means of 
ing. The cement copper produced by iron 
t 70«, and an additional refining step is 
ectrowinning in conjunction with solvent 
copper which is comparable to conventional 
ching-SX-el ectrowinning flow sheet is shown 
organic solvent and stripping acid are 
pping and electrowinning steps respectively. 



Figure 5.3.13 Copper Leach-SX-EX Circuit. 
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5.3.6.1 Leaching Methods. 

The principal methods of leaching copper oxide ores are (a) in-situ 
leaching, (b) dump leaching, (c) heap leaching, (d) vat leaching, and (e) 
agitation leaching. These methods are interrelated, and many items considered 
necessary for effective leaching by one method are also applicable to the other 
methods. Typical operatinq conditions for these types of plants are given in 
Table 5.3.5. 



The choice of leaching method depends upon the chemical and physical 
characteristics of the ore: the grade of the ore, the solubility of the 
copper minerals, the amount of acid-consuming associated gangue materials, 
the size pf the operation, and the mode of occurrence of the copper-bearing 
minerals. \ d °> 



ore 



In-situ, dump and heap leaching are essentially the same technique. The 
is broken to expose the copper minerals; and sulfuric acid solution is 



5.3.?6 



Hydrometallurgy 



i/) 

a) 

o 

c: 

S- 

**- 
d) 
a: 



Leaching of Oxides 



cm 
oo 



o 
ro 



CO 

cm 



lO 
CM 



CM 



LO 

ro 



ro 



CO 

CM 



CVJ 
CM 



r-~ 

CM 



LO 
CM 



T3 




<0 




c- 




o 


>1 


ro 


ro 


OJ 


"O 


_J 


*\ 




t/> 


i- 


e 


O) 


o 


Q.+-» 


Q. 




O 




1_> 





o 

CM 



o 
o 



o 

CM 



o 

CM 



I 
o 



LO 
CO 



■o 

•r— 

X 

o 

s- 

w 

Q. 
O- 
O 

o 



ro 

•— 
CD 
Q. 
O 



oo 



CM 








<u 


CD 






c 


lA +-> 


to 




c a; 


C LO 


C CD 


<n 


o s- 


o re 


O S- 


4-> 


■»-> o 


4-> 2 


+-> o 


rO 

> 


lo **- 


l£> <*- 


LO *4- 




o o 


o o 


o o 


CM 


^— 


i^— 


r~ 


^— 


X 


X 


X 


1 


«3" 


LO 


co 


LO 



i/i 






jx. 


l/l 




c 


-X 




rO 


c 


io 


4-> 


ro 


-X 




4-> 


c 


Lf> 




ro 


^— 


O 


+-> 


1 


r— 




o 


| 


LO 


r— 


ro 


"3" 



ro 
CD 

S- 



<_) 

ro 
CD 



CM 
I 

CM 



o 

CM 
I 

ro 



LO 

i 



o 



i 

LO 



LO 


LO 


LO 


CM 


CM 


CM 



(0 



CO 



ro 



O 

S- 



S- 

o 



o 
+-> 



en 

c 



a; 

s- 
o 



3 



a* 



c 

ro 

'- 

c 



LO 



LO 
CD 



OJ 



CD 
T3 



LO 
O 



T3 



■o 



LO 
O 



o 
1 


CM 


O 
CO 


CD 


■— 


o 

CM 



CD 



CD 






a; 
■o 



<u 



x 

o 



x 

o 



x 

o 



X 

o 



x 

o 



en 

c 



X 

o 



o 



o 

ro 
CD 



LO 
CO 
LO 
CD 

ro 



■o 
o 



o 



u 

ro 
CU 









c 


CU 


C 








o 


1- 


o 








•r- 


o 


o 








*J 












ro 


ai 


CD 








-•-» 


■o 


■a 








c o 


•^ 


•r— 








o >— 


X 


X 








•— «*- 


o 


o 








4-> 












ro-— 


-■ — - 


*-~ -. 


a. 


a. 




■l-> ro 


-Q 


o 


e 


ro 


+-> 


•fM ^__^ 


■■— — 


*— ^ 


3 


ai 


rO 


C71 






Q 


re 


> 


=£ 







5.3.27 



Hydrometallurgy Leaching of Oxides 

trickled by gravity over the rocks. The basic requirements for these methods 
are an inpervious base (natural or artificial) to collect the pregnant leach 
solution. For dump and in-situ leaching, the copper oxide and sulfide minerals 
are considered as leachable, since the leaching cycle is measured in year. 
Heap leaching is designed mainly for the extraction of copper from oxide. 

Vat and agitation leaching processes are designed to dissolve copper 
oxide in a confined vessel. When applying these methods, an additional size 
reduction may be necessary, but rapid extraction and high concentration of 
copper in the pregnant liquor can be obtained. 

5.3.6.2 In-Situ Leaching. 

Although there is a great potential for using the in-situ leaching technique 
to extract copper from deep sulfide deposits, most actual operations have been 
applied to leaching copper oxide and sulfide minerals from surface or near- 
surface deposits. The source is either low grade deposits or worked-out 
mines. First the rock has to be rubblized in place by blasting, block caving 
or hydrofracturing. Sulfuric acid solution is trickled over the ore pile. 
Copper is dissolved. The pregnant solution is collected at the bottom of the 
ore body (a solution collection well may be necessary). 

Applications of in-situ copper leaching have been practiced at Miami, 
Arizona^9) ) the Old Reliable mine near Mammoth, Arizona^', the Big Mike mine 
near Winnemucca, Nevada'**' ), and the Mountain City mine in Mt. City, Nevada'"', 
and other mines. 

A schematic diagram of Big Mike in-situ leach operation is shown in figure 
5.3.14. 

5.3.6.3 Dump Leaching. 

Dump leaching is used for low-grade and mine waste material stripped from 
open pit operations. The rock is piled into large dumps and the sulfuric acid 
solution is distributed over the surface and allowed to trickle through the 
dump. The pregnant solution is collected at the bottom of the dump, and copper 
is normally recovered by cementation methods. 

A schematic diagram of dump leaching operation is shown in figure 5.3.15. 

5.3.6.4 Heap Leaching. 

Heap leaching is employed to dissolve copper from porous oxide ore that 
has been placed on a prepared surface. Heap leaching contrasts with dump 
leaching principally in that oxide ore material is leached instead of mining 
waste material. A typical example of a heap leaching operation is the Ranchers 
Exploration and Development Corp. at the Bluebird mine near Miami, Arizona 
(which is the first operation that utilized solvent extraction-electrowinning 
technique to recover copper). 

5.3.6.5 Vat Leaching. 

Vat leaching is employed to extract copper from oxide or mixed oxide- 
sulfide ores containing more than 0.5 percent acid-soluble copper. This method 
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Figure 5.3.14 Schematic Diagram of Big Mike Copper In-Situ Leach. 
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Source: "Ranchers Development Sets Off Blast: Will Leach at Big Mike", 
Mining Engineering, 25_, No. 8. 
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Figure 5.3.15 Copper Dump Leach Operation. 
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is used in preference to heap leaching if the ore material is not porous 
and crushing is necessary to permit adequate contact between the leach 
solution and the copper minerals. Despite increased costs necessary for 
crushing and screening, numerous advantages exist for vat leaching: high 
copper recovery in short periods, low pregnant solution loss, and high 
copper content in pregnant solution (about 30-50 g/1 Cu). 

A description and illustration of the vat leaching operation at ASARCO's 
San Xavier(3°; c u leach-precipitate plant is given below. An isometric 
diagram of the ASARCO San Xavier plant is presented in figure 5.3.16. The 
plant is designed to treat 4,000 tons per day of ore (1% copper). The 
primary oxide mineral is chrysocolla, with some azurite and malachite. Prior 
to vat leaching the ore is crushed and screened to minus-3/8-inch. The 
leaching is carried out in 9 vats. Each vat has a capacity of 4,000 tons. 
The leaching cycle for each vat requires 9 days; e.g., this includes 5 days 
of leaching, 1 day of washing and 3 days excavation, cleaning and refilling. 
Copper is recovered from the leach solution by cementation. The cement copper 
is shipped to ASARCO's Hayden and El Paso smelters for direct charging into 
converters. 

5.3.6.6 Agitation Leaching. 

Agitation leaching involves the rapid leaching of copper oxide minerals 
from fine particles (usually minus 48 mesh). Sulfide minerals are not leached 
during the short contact periods. The leaching usually takes place continuously 
in a series of Pachuca reactors. 

Agitation leaching can be used to recover copper oxide from sulfide 
flotation tailings(22,Z3) anc j ox -j(j e flotation concentrates^) without 
additional size reduction. Grinding is required for the treatment of oxide 
ore. (29) Examples of agitation leaching in the U. S. are the Morenci Tailing 
Leach Plant at Morenci and the Anamax Oxide Plant at Twin Butte. 

A general flow sheet of the copper tailings leach plant'^3) a t Morenci, 
Arizona is shown in figure 5.3.17. At Morenci, the Phelps Dodge Corp. (due 
to an increase in their sulfuric acid production capacity, e.g., 500 to 2,000 
tpd) had the opportunity to recover oxide copper previously discarded in the 
flotation mill tailings. The tailings contain about 0.1% oxide copper; 
primarily chrysocolla, brochantite and azurite. 

The leaching plant consists of 11 mechanically agitated vessels (each 
being 34-ft high by 30-ft diameter) in series followed by two stages of counter- 
current decantation and washing. The plant capacity is 30,000 tpd. The 
leaching operation is conducted on 42"i solids. Concentrated sulfuric acid is 
added to the slurry in either the first or second tanks. The pH value 
in each step is controlled at 1.5. The total retention time for leaching is 
about 200 minutes. After the solid/liquid separation, the pregnant solution 
contains 0.298 g/1 Cu (representing 73.88% copper oxide recovery). The copper 
in the pregnant solution is recovered by cementation with scrap iron. The 
operation data of the Morenci Tailing Leach Plant are presented in Table 5.3.6. 

A simplified flowsheet of the Anamax Oxide plant at Twin Buttes is 
presented in figure 5.3.18. The plant is designed to treat 10,000 tpd of 
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Figure 5.3.16 ASARCO San Xavier Vat Leaching Plant. 
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Source: "ASARCO's New Cu Leach-Precipitate Plant for San Xavier North Pit Ore", 
World Mining, Oct., 46. 
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Figure 5.3.17 Flowscheme of One Leaching Module of the Morenci Tailings 



Leaching Plant. 
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Table 5.3.6 Morenci Tailings Leaching Plant Operations. 

Leach Feed 

% Total Copper 0.209 

% Oxide Copper 0.100 

Leach Tail 

% Total Copper 0.130 

% Oxide Copper 0.020 

Pregnant Solution 

gpl Copper 0.298 

Indicated Leaching Extraction 

Based on Copper in Pregnant 92.62 

Solution 



Reagent Consumpt - 


ion-- 


-lb/ton of 




Tailings 










Sulfuric acid 








39.3 


Lime 








15.3 


Limestone 








7.1 


Flocculant 








0.024 


Precipitant — ] 


Iron 






2.16 lb/lb Cu 


Power- -Kw-hr per 


ton 


of 


Leach 




Feed 








2.82 



high-lime ore averaging about 1.25% copper. The ore, crushed and ground to 
95% minus 48-mesh, with up to 60% solids, is charged to a series of five 30 ft 
diameter by 31-ft high mechanically agitated vessels. After 5 hours of 
retention, most of the soluble copper has been leached from the ore. Up to 
250 lbs of sulfuric acid is consumed per ton of ore. 

The leached slurry is decantated in a series of 4 thickeners. The pH 
of the slurry is adjusted to from 1.5 to 2.5 by adding unleached oxide ore. 
The filtered solution contains about 2.5 g/1 of copper and is produced at a 
flow rate of 7120 gallons per minute. 

The filtered solution is purified by solvent extraction using LIX 64N. 
The solution is split into two streams during the purification. Each stream 
moves through four extraction and two stripping mixer-settlers. Copper is 
transferred from the pregnant solution to the organic extractant in the 
extraction stages. The raffinate containing about 0.08 g/1 copper is recycled 
to the leaching step. The loaded organic is then transferred to the stripping 
stages where the organic solution is contacted counter currently with spent 
electrolyte from the electrowinning tank house. Copper is transferred from 
the organic phase to the electrolyte. The fresh organic is recycled to the 
extraction stages and the loaded electrolyte, containing about 50 g/1 copper 
and 90 g/1 sulfuric acid, is pumped back to the tank house. 

During the electrowinning, copper is deposited on the cathode, oxygen is 
liberated at the lead anode, and acid is regenerated. The spent electrolyte 
contains 25 g/1 copper and 130 g/1 sulfuric acid. 
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Figure 5.3.18 Flowsheet of 10,000-tpd Anamax Copper Oxide Plant. 
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Source: Hopkin, W. R. and A. J. Lynch, "Anamax Oxide Plant: A New U.S. 
Dimension in Solvent Extraction", EM/J., Feb. 56(1977). 
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LEARNING ACTIVITY 5 



5.4 Leaching of Sulfides 

Learning Activity Objective 

After completing your study of this learning activity material you should 
be able to discuss the thermodynamic and kinetic aspects of sulfide mineral 
leaching; and be able to describe, in general terms, the leaching processes 
for nickel and cobalt sulfide minerals. 

5.4.1 Introduction 

Leaching of sulfide minerals received considerable attention during the 
past 20 years, e.g., leaching of flotation concentrates and leaching of mine 
waste dumps. A great deal of research has been conducted in sulfide leaching 
and several sophisticated processes have been developed and used for commercial 
recovery of metal values. The most cited reason for the intense interest in 
sulfide leaching is, perhaps, the comparative absence of pollution, especially 
air pollution. 

One of the factors of concern in the leaching of sulfides is the kinetic 
aspects of the reaction. Most metal oxides are readily dissolved in acid, but 
dissolution of sulfide minerals in acids is usually slow. As a result, most 
of the sulfide leaching processes have to be conducted under elevated tempera- 
tures and pressures. 

5.4.1.1 Thermodynamics 






In acid media, oxidizing 
dissolve the copper 
alkaline solution, in 



The thermodynamic relationship of various sulfides in an aqueous environ- 
ment is best illustrated by use of Pourbaix diagrams (see Module 1). The 
CU-H2O-O2-S-CO2 system is presented in figure 5:5.1 . 
potentials between 0.2 and 0.4 volts are required to 
sulfides into sulfur species and soluble copper. In 
which insoluble copper oxide products form, the dissolution requires not only 
an oxidizing agent, but also a complexing agent to stabilize the dissolved 
copper. Although the Eh-pH diagram for each sulfide assemblage is unique, 
it can be generally stated that most of the sulfides require a fairly strong 
oxidizing potential to effect their dissolution. In addition, they require a 
strong complexing agent when dissolved in alkaline media. 



The Eh-pH diagram for Fe-H20 system at 25° is presented in figure 5.5.2. 
The potential for the Fe^ + /Fe2+ couple is approximately 0.8 volts. All sulfide 
minerals exhibiting half cell potentials less than the Fe3 + /Fe2 + couple are 
favored to react anodically, i.e., they dissolve in the presence of the ferric 
ion. For example, from the thermodynamic point of view, the ferric ion is 
important in the dissolution of chalcocite. This is indicated by the following 
calculation. All solution species are assumed to have unit activity. 



Cathodic reaction, 

10 Fe 3+ + 10 e = 10 Fe 2+ E = 0.771 volts 



[5.5.1] 
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Figure 5.5.1 Eh-pH Diagram for the CU-H2O-O2-S-CO2 System. 
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Figure 5.5.2 Eh-pH Diagram Showing the Relationship Among Metastable Iron 

Hydroxide Species and Siderite at 25°C and 1 atm Total Pressure. 
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Anodic reaction, 

Cu 2 S + 4H 2 = 2Cu 2+ + HS0 4 " + 7H + + 10e 



E =-0.427 volts [5.5.2] 



Overall reaction, 



10Fe 3+ + Cu 2 S + 4H 2 = 2Cu 2+ + HS0 4 " + 7H + + 10Fe 2+ 

AE = 0.344 volts [5.5.3] 

AG = -79.33 kcal 

The negative standard free energy (-79.33 kcal) indicates the reaction is 
thermodynamically favorable. The Eh-pH diagram indicates that the stability 
region for the ferric ion is limited to a pH<3. It is, therefore, necessary 
to perform the leach process in a strong acidic environment when ferric ion 
is used as an oxidizing agent. Note in figures 5.5.1 and 5.5.2 the benefit 
of using oxygen gas as the oxidant, i.e., for the 2 /H 2 couple, 

2°2(g) + 2H + ( aq ) + 2e ■*■ H 2 0(i) E° ■ 1.228 volts [5.5.4] 

E = 1.228 - 0.059/pH + 0.0147 log P0 2 [5.5.5] 

A standard equilibrium potential of about 1.23 volts will be able to dis- 
solve most sulfide minerals. In addition, oxygen can be used in an alkaline 
media. The Eh-pH diagram for sulfur at 25°C is presented in figure 5.5.3. In 
an alkaline solution only the sulfate ion is stable in water. In acidic 
solution, however, elemental sulfur is stable under neutral or slightly 
oxidizing environments. For oxidizing potential greater than about +0.3 v. 
elemental sulfur becomes unstable with respect to sulfate or bifulfate formation, 
depending on the pH of the solution. It is expected from thermodynamic conside - 
ation that when a metal sulfide is oxidized in acidic media, the elemental 
sulfur will only be an intermediate species, i.e., the stable species are 
soluble metal ions and bisulfate or sulfate ions. 

Pourbaix diagrams have several limitations when applied to hydrometallurgy. 
For example, metal ions shown in the diagrams are usually presented as simple 
hydrated ions. For alkaline or alkaline earth metals (Na + , K , Mg , etc.) thi 
assumption is usually valid. But for transition metal ions, (Cu2+, Fe^ + , Fe^" 1 ", 
Ni 2+ , etc.) stable complex ions tend to form with cations (SO4 , CI", etc.) 
or polar ions (NH3, H 2 0, etc.). And the concentration of simple ions may exist 
in only a very small concentration. Figure 5.5.4, for example, shows the 
equilibrium ion species existing in a solution containing 0.1 M Fe^ + and 0.5 M 
total sulfate. The diagram indicates that the predominant ionic species in 
acid solutions are FeSO*" 1 " and Fe(S04) 2 ~. The simple hydrated ferric ion occurs 
only at the lowest pH values. 

Pourbaix diagrams are equilibrium diagrams derived from thermodynamic 
relationships. They, therefore, have the same limitations in their application: 
e.g., metastable species may form rather than true equilibrium species. Nor do 
the diagrams provide information about reaction rates. An example of this is 
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Figure 5.5.3 Eh-pH Diagram for the S-H2O System at 25°C and 1 atm Total 
Pressure. 
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Figure 5.5.4 Equilibrium Iron Species Existing in a Solution Containing 
0.1 M Fe j+ and 0.5 M Total Sulphate at 25°C. 
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shown in equations [5.5.6] and [5.5.7]. In the presence of ferric ions 
chalcocite is thermodynamically favored to dissolve to form Cu 2+ and HSO4". 

Cu 2 S + 10Fe 3+ + 4H 2 = 2Cu 2+ + HS0 4 " + 7H + + 10Fe 2+ [5.5.6] 

aG° = -79.32 kcal 

(41 
However, a kinetic study^ ' shows that the reaction actually results in 

cove! lite at room temperature. 

Cu 2 S + 2Fe 3+ = CuS + Cu 2+ + Fe 2+ AG = -11.13 kcal [5.5.7] 

Note, therefore, that one cannot use the magnitude of the free energy to 
predict whether a reaction will occur or not, i.e., both reactions [5.5.3] and 
[5.5.4] are thermodynamically possible. The one that occurs depends on 
kinetic factors and cannot be predicted from thermodynamics. 

At high temperature CuS becomes unstable and the dissolution continues to 
form Cu 2+ . According to thermodynamics, the favored reaction will be 

CuS + 4H 2 + 8Fe 3+ = Cu 2+ + 7H + + HS0 4 " + 8Fe 2+ [5.5.8] 



AG° = -68.11 



(5) 



The large negative free energy is due to the formation of bisulfate ion. In 
acidic media it is known, however, that the dissolution of sulfide minerals 
often produces elemental sulfur and very little bisulfate and sulfate. The 
leaching reaction that actually occurs is better represented as 

CuS + 2Fe 3+ = Cu 2+ + 2Fe 2+ + S° AG° = -8.31 kcal [5.5.9] 

This experimental kinetic study ( 5 ) showed that the relative reaction rate of 
oxidation of elemental sulfur to sulfate or bisulfate is slow at low temperature 
and elemental sulfur remains as a metastable intermediate specie. The formation 
of metastable species in hydrometallurgical system is of practical importance 
since the apparent final product may be metastable, as in the cases of sulfur 
and covellite, and not the species that are predicted from thermodynamic 
calculations. 

5.4.1.2 Kinetics 

As stated previously, thermodynamics predict the possibility of a reaction , 
but whether or not the reaction does , in fact , proceed is determined by kinetic 
factors . Leaching reactions are heterogeneous in nature, the rate of a reaction 
may oe either limited by a chemical reaction or controlled by a transport 
process. For transport control, the effect of temperature is small, activation 
energies being 5 kcal/mole or less. If controlled by the chemical reaction, the 
rate of reaction increases rapidly with temperature, having activation energy 
usually greater than 10 kcal/mole. The chemical reaction involved in the 
leaching of a sulfide can be a combination of several reactions, e.g., 
adsorption, heterogeneous reaction, and electrochemical redox reaction, etc. 
In general, leaching processes involve the following steps: 
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(1) dissolution of gaseous reactants; 

(2) transport in liquid phase; 

(3) transport in solid phase; and 

(4) reaction at solid/liquid or solid/solid interfaces. 

Pressurized systems are used to increase the solubility of gaseous reactants 
and to increase the temperature of the system above the normal boiling point 
of the solution. Good agitation increases the qas dissolution rate by increasing 
the surface area. It also increases the rate of mass transport within the 
liquid phase. High temperatures increase the rate of all the steps, especially 
chemical reactions. 



and their electri- 
>(3,5) to allow the 



Unlike oxide minerals, most sulfides are semiconductors 
cal resistivities are sufficiently low (shown in Table 5.5.1 )' 
electron to move relatively freely within the solid. This semi -conducting 
property may be due to the nature of the sulfide molecular structure or due to 
the non-stoichiometry between the metal and sulfur elements' 6 ). This, then, 
leads us to study the leaching of electron conducting sulfides in hydrometallurgy 
by directly applying the electrochemical concepts that have been developed in t ho 
field of metal corrosion, e.g., polarization measurements, kinetics of corrosic 
and metal deposition. These techniques are directly applicable to the field of 
sulfide leaching. 



Table 5.5.1 


Electronic and 


Structural Properties 


of Selected Sulfide Minerals 


Sulfide 


Name 


Resistivity, Ohm-m 


Usual Conductor Type 


Cu5FeS4 


Bornite 


10" 3 -10" 5 


p-type 


Cu2S 


Calcocite 


4.2xl0- 2 -8x10-5 


p-type 


CuFeS 2 


Calal copy rite 


0.2xl0- 3 -9xl0- 3 


n-type 


CuS 


Covellite 


0.8xl0- 3 -7xl0" 7 


metallic 


PbS 


Galena 


lxlO -5 -6.8xl0" 5 


n-type & p-type 


MoS 2 


Molybdenite 


7.5-8xl0- 3 


n-type & p-type 


(Fe,Ni) 9 S 8 


Pentlandite 


1-llxlO -6 


n-type & p-type 


FeS 2 


Pyrite 


3xl0" 2 -1.2xl0" 4 


n-type & p-type 


ZnS 


Sphalerite 


2.7x10-3 -1.2xl0 -4 


n-type 


S 


Sulfur 


2xl0 15 


insulator 



Several sulfide leaching systems have been found to be controlled by 
electrochemical reactions, and an electrode kinetic model has been used success- 
fully to interpret the rate data and to propose the reaction mechanisms. (7-9) 
Polarization studies on several sulfide minerals have also demonstrated the 
electrochemical nature of sulfide leaching.' ' 0- 1 3 ) 

As in corrosion processes, two types of redox couples may be operative. 
One type is a corrosion couple and involves only a single phase. The single 
phase contains both anodic and cathodic regions on the same surface. Ammonia 
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and oxygen leaching of chalcopyrite is an example of a corrosion couple, shown 
in figure 5.5.5. U' Part of the chalcopyrite surface serves as anodic sites 
where oxidation occurs, 



CuFeS 2 + 190H" = Cu 2+ + jfe^ + 2S0. 2 " + y+^O + 17e 



[5.5.10] 



and other parts of the surface serves as cathodic sites where the reduction of 
oxygen occurs, 



2 + 2H 2 + 4e = 40H" 



[5.5.11] 



Each part of the chalcopyrite surface can be cathodic or anodic alternatively 
but not simultaneously. The electrons can transform an area from anodic to 
cathodic by traveling through the solid chalcopyrite. 

Figure 5.5.5 Schematic Representation of the Electrochemical Reaction and 

the Reduction of the Anodic Area by the Hematite Reaction Product. 




Cothodlc Reaction* 
2 -t- 2HjO + 4e — ^ 40H" 
2 + 2H,0 4- Cu* + -»e -»- 



Cu" 40H" 



REDUCTION IN EFFECTIVE ANODIC 
AREA BY THE HEMATITE REACTION 
PRODUCT LEADING TO PASSftBTlQN 



Anodic Reaction 
CuPeSg-i- l90H"-^Cu "+^405+ 2SC5+^H 2 + I7e 



Source: Beckstead, L.W. and J. 0. Miller, Met. Trans. 13, 8B, 1977. 



A second type of redox couple is a galvanic couple where two or more solid 
phases are involved. The cathodic and the anodic reactions occur on their own 
separate surface. The two surfaces must be in electrical contact by an electro- 
lyte or by a conducting solid. Leaching of chalcocite to covellite is an 
example. This is shown schematically in figure 5.5.6. The reaction results 
in the formation of a CuS surface layer on the CU2S. The anodic reaction takes 
place on the Cu2S/CuS solid interface, 



Cu 2 S = CuS + 2Cu 



2+ 



+ 2e 



[5.5.12] 



and the coupled cathodic reaction, takes place at the CuS/water interface 
depending on the type of oxidant used, 



io 2 + 2H + + 2e = H 2 



[5.5.13] 
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Figure 5.5.6 Surface Layers Formed During the Anodic Dissolution of 
Chalcocite (Cu2S) and Covellite (CuS). 



nitiol reoction 




Porous 
CuS 



-*- e 



->- Cu 



♦2 



Solu t ion 



Fe -;-e = Fe 



-±-0„+2H+2e 

2 2 

H 2 



i n 

♦2 , _ 

Cu S = CuS + Cu + 2e 



CuS 




CuS = Cu + + S°+2e~ 
Finol reoction 



Fe 
0. 



♦ 3 



Source: R. B. Bhappu, et.al., "Theoretical and Practical Studies on 
Dump Leaching", Trans, SME/AIME, 244, 307-320. 
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or Fe 3+ + e = Fe 2+ [5.5.14] 

The overall reaction proceeds as the electrons transfer and the Cu ions 
diffuse from the anodic area through the CuS layer to the cathodic area. 

Other important concepts involved in the kinetics of sulfide leaching 
are summarized below: 

1. Elemental sulfur that normally forms on the surface of sulfides 
during the leaching is a nonconductor. This results in a marked 
retardation of the rate of the reaction, especially for the 
formation of a non-porous sulfur product. 

2. Increases in temperature and pressure in a leaching system are 
normally made for kinetic purposes rather than thermodynamic reasons. 
For instance, increasing the oxygen pressure from 1 atm to 10 atm 
may result in increasing the rate 10 times if the rate is first 
order with respect to the oxygen pressure. But from a thermodynamic 
point of view, the temperature increase will only change the 
oxidizing potential by 0.0147 volts. 

Several excellent review and discussion papers on leaching of sulfide 
are listed below: 

1. M. E. Wadsworth, "Advances in the Leaching of Sulfide Minerals", Min. 
Sci. Eng., vol.4, no. 4, Oct. 36(1972). 

2. M. E. Wadsworth, "Physical Chemistry of Hydrometal 1 urgy Electrochemical 
Processes", The Darken Conference. 

3. R. Derry, "Pressure Hydrometal! urgy: A Review", Min. Sci. Eng., vol. 4, 
no. 3, 3(1972). 

4. R. J. Roman and R. B. Benner, "The Dissolution of Copper Concentrates", 
Min. Sci. Eng., vol. 5, no. 1, Jan. 3(1973). 

5. J. E. Dutrizac and R. J. C. MacDonald, "Ferric Ion As A Leaching Medium", 
Min. Sci. Engl, vol. 6, no. 2, Apr. (1974). 

6. E. Peters and H. Veltman, "Theory of Leaching", Hydrometal 1 urgy, First 
Tutorial Symposium on Hydrometal 1 urgy, 1972. 

7. R. E. Doan, "The Treatment of Metal Sulfide Concentrates by Pressure 
Hydrometal 1 urgy", Colo. Scho. Mines Resch. Inst. Bull., vol. 15, no. 6, 
Nov. 1972. 

8. J. T. Woodcock, "Some Aspects of the Oxidation of Sulfide Minerals in 
Aqueous Suspension", Proc. Australs. Inst. Mining and Met., no. 198, 
47-84(1961). 

9. «J. C. Paynter, "A Review of Copper Hydrometal 1 urgy", J. of South 
Africa IMM, Nov., 158(1973). 

10. M. E. Wadsworth, "Metallurgical Process: Hydrometal 1 urgy", Annual 
Review, J. of Metals, March,4(1976). 

11. M. E. Wadsworth, "Metallurgical Process: Hydrometal! urgy", Annual 
Review, J. of Metals, March,8(1977). 

12. M. E. Wadsworth, "Metallurgical Process: Hydrometal! urgy", Annual 
Review, J. of Metals, April, 32(1978). 

13. M. E. Wadsworth, "Metallurgical Process: Hydrometal! urgy", Annual 
Review, J. of Metals, April (1979). 

14. M. E. Wadsworth, "Metallurgical Process: Hydrometal 1 urgy", Annual 
Review, J. Of Metals, April (1980). 
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5.4.2 Leaching of Nickel and Cobalt Sulfide Minerals. 

Over the last 25 years pressure hydrometallurgical techniques have been 
increasingly applied in commercial processes to recover nickel, cobalt and 
copper from Ni-Co concentrates and Ni-Cu mattes. The processes usually 
consist of leaching, solution purification and metal recovery. The leach 
process is normally conducted in an ammonia solution or in a dilute sulfuric 
acid solution at elevated temperatures and pressures. Air is usually the 
oxidizing agent. 

5.4.2.1 Ammonia Oxidation Leaching of Ni-Co Sulfide. 

The most widely publicized method for the leaching of Ni-Co sulfide 
minerals is the use of ammoniacal solutions. Ammonia oxidation pressure 
leaching of nickel sulfide concentrates combined with hydrogen pressure reduction 
of the purified leach solution was developed by Sherritt Gordon Ltd. and has beer 
used in operations at Saskatchewan, Alberta since 1954. (' 5 ) More recently 
the same process has been adopted for the treatment of sulfide concentrate 
at Kwinana in Western Australia. C^) A simplified flowsheet of the process 
is presented in figure 5.5.7, and a brief description is as follows. 

Finely ground nickel sulfide concentrates, containing significant amounts 
of copper and cobalt, are leached in autoclaves with ammoniacal solutions of 
ammonium sulfate. Air is the oxidizing agent. The temperature and pressure 
(air) used in the first stage is 94°C, 165 psig, and in the second stage is 80°C 
and 128 psig. Total retention time is about 8-1/2 hours. The primary reactions 
during the leaching are: 

NiS- FeS + 3FeS + 70 2 + 10NH 3 + 4H 2 = [Ni (NH 3 ) 6 ]S04 + 2Fe 2 3 -H 2 + 2(NH 4 ) 2 S0 4 

[5.5.15] 

2(NH 4 ) 2 S 2 3 + 20 2 = (NH 4 ) 2 S 3 6 + (NH 4 ) 2 S0 4 [5.5.16] 

(NH 4 ) 2 S 3 6 + 20 2 + NH 3 + H 2 = NH 4 S0 3 -NH 2 + 2(NH 4 ) 2 S0 4 [5.5.17] 

Nickel, cobalt and copper are solubilized as ammine complexes, iron is 
hydrolyzed to an insoluble hydrated iron oxide, and pyrite does not react (it 
remains in the leach residue). Sulfur passes through a series of oxidation 
reactions, e.g., thiosulfate, polythionate and then partially to sulfamate and 
sulfate. A shrinking core model has been proposed for the leaching reaction 
(figure 5.5.8), i.e., an unreacted sulfide core is surrounded by an iron oxide 
envelope through which (in the case of pentlandite, NiS -FeS, for example) the 
nickel and sulfur ions diffuse outward to react with oxygen at the liquid- 
solid interface, while the oxygen diffuses inward, possibly by a mechanism 
associated with vacancies in the oxide lattice. The reaction rates have been 
demonstrated to be influenced by temperature, oxygen pressure, concentration 
of reactants in the solution, agitation of the pulp, and particle size. 

Following a solid-liquid separation, the first step of solution purification 
is atmospheric pressure distillation of excess ammonia, which is recycled. 
During the distillation the unsaturated sulfur compounds in the leach liquor 
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Figure 5.5.7 Sherrit Gordon Mines, Ltd., Simplified Nickel Refinery Flow 
Diagram. 



Nickel MiMU 



Crushing 



XT 

Grinding" 



i- 



NiC<sl Ammonium 
Sulphate Recycle, 
from Coball Plant 



Lean 
Liquor 
Recycle 



Air 
Ammonia 



Nickel Concentrate 



-J Frii33 



. urry 
Preparation 



Exit Gas 



Alloy Scrap 
I Acid Leach | 



First Stage 
Ammonia Leach 



Ammonia 
Scrubber 

y — 



Liquid-Solid 
Separation 



"\ 



Partially Spent 

Second Stage ( Ai 
Ammonia Leach 



Liquid-Solid 
Soparation 



Liquid-Solid 
aepar.ilion 



Residue to Stockpile 

for 
By-product Recovery 



Finished 



Ammonia Aqua to 
Second Stage Leach 



1 Leach Solution 

Tailings to Pond 



Ammonia 
Distillation 



Copper Removal 



H,S- 
Air - 



Copper Stripping 
I 



Oxidation 



Hydrogen. 
Catalyst - 



- Hydrolysis 

T 



Cu Sulphide By-product 
Cu-Ni Sulphides to 
First Stage Leach 

Exit Gas 



Nickel Redi etion 




Liquid-Solid 
Sepjration 






Powder Washing 



Nickel Powder 
Briouottos 



Nickel Reduction 
End Solution 



Cobalt Reduction 
End Solution 



H,S- 



H,S Precipitation 



Filtration 



I 



Solution to Ammonium 
Sulphate Recovery 



Ni-Co Sulphides to 
Cobalt Recovery 



Source: Advances in Extractive Metallurgy, 1967, I.M.M. 



5.5.13 



Hydrometallurgy Leaching of Sulfides 



Figure 5.5.8 Diagrammatic Representation of Leaching a Sulphide Particle. 
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Source: Forward, F. A. and V. N. Mackiw, J. Met., 7, 1955. ( 15 ^ 

react with copper, which precipitates as a sulfide, 

Cu 2+ + S 3 6 2 " + 2H 2 = 2S0 4 2 " + 4H + + CuS [5.5.18] 

Cu 2+ + S 2 3 2 " + H 2 = S0 4 2 " + 2H + + CuS [5.5.19] 

The remaining copper is later stripped by hydrogen sulfide pressure precipitation. 
The second step in the solution purification is to remove the remaining unsatur- 
ated sulfur compounds by oxidizing them to sulfate. This is accomplished at 
250°C and 600 psig air pressure in about a half hour. 

The purified solution from the purification steps contain about 45 g/1 
nickel, 1 g/1 cobalt, 350 g/1 ammonium sulfate, and 28 g/1 (free) NH3. This 
solution is heated at 175 to 200°C in hydrogen at 500 psig. The hydrogen 
reduction process is carried out batchwise. First, a nucleation reaction is 
performed to produce very fine nickel seed. This is followed by 40 to 50 
nickel reduction batch treatments to build up the nickel particle size before 
the product nickel powder is discharged. In the successive batch reduction 
treatments (densification) , nickel builds up on the seed particles. The 
nickel in solution is reduced preferentially with respect to cobalt. The 
reduction is continued until the nickel concentration has decreased to about 
1 g/i. 

The solution from the Ni reduction reactor contains about 1 g/1 nickel 
and the same amount of cobalt. Hydrogen sulfide is used to precipitate these 
metals as mixed Ni-Co sulfides. Cobalt is recovered from the sulfide mixture 
by a sulfuric acid leach. Acid is used rather than ammonia because the leach 
rate in acid is faster and better cobalt extraction results. (17) 

5.4.2.2 Acid Leaching of Nickel and Cobalt Sulfides^ 7 ) 

The Fort Saskatchewan acid process for the recovery of pure metallic 
cobalt from a mixed nickel-cobalt sulfide consists of the following operations 
(figure 5.5.9): (1) Leaching of the mixed sulfides, (2) Iron removal, 
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Figure 5.5.9 Cobalt Recovery. Soluble Cobaltic Ammine Process Flowsheet. 
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(3) Oxidation of the cobaltous ion to cobaltic ammine complex, (4) Separation 
of nickel and cobalt by precipitation of nickel ammonium sulfate, (5) Conver- 
sion of the cobaltic ammine in the solution to the cobaltous form, and (6) 
Cobalt recovery. 

Acid pressure leaching of nickel and cobalt sulfides is conducted in an 
autoclave using dilute sulfuric acid (pH 1.5 to 2.5) under 100 psig air pressure 
at about 120°C. A retention time of 2 to 3 hours is sufficient to dissolve 98% 
of metal values. The overall leaching reactions are as follows: 

NiS + 20 2 = NiS0 4 [5.5.20] 

CoS + 20 2 = C0SO4 [5.5.21] 

FeS + 20 2 = FeS04 [5.5.22] 

Iron in the solution is subsequently treated with ammonia and air at 
atmospheric pressure to raise the pH to 4.5 and to oxidize the ferrous ions 
to ferric ions, which then precipitate as hematite. 

2FeS04 + 4NH 4 0H+^O 2 = Fe 2°3 + 2(NH4) 2 S0 4 + 2H 2 [5.5.23] 

The purified leach liquor is then prepared for nickel -cobalt separation 
using the soluble cobaltic ammine process. First, the solution is made strongly 
ammoniacal and subjected to pressure oxidation using air at 100 psig at about 
70°C. Cobaltous sulfate is oxidized to a cobaltic ammine complex, 

2CoS0 4 +(NH 4 ) 2 S0 4 + 8NH 3 + ^O 2 + H 2 = [Co(NH 3 ) 5 -H 2 0] 2 (S0 4 ) 3 [5.5.24] 

and the nickel remains unoxidized as a nickelous ammine complex. The nickel 
can be removed as a nickel ammonium sulfate precipitate by acidifying the 
solution with sulfuric acid (pH=2.6). 

The solution is then treated with cobalt powder to reduce the cobaltic 
pentammine complex to a cobaltous ammine complex prior to hydrogen reduction. 



Sulfuric acid leaching was used commercially by Calea Mining Company in 
Garfield, Utah to process cobalt concentrate,''**' and by National Lead Company 
at their plant at Fredericktown, Missouri for the recovery of nickel, cobalt, 
and copper. It is used by INCo at their Coppercliff, Canada plant to recover 
nickel, cobalt, copper, and elemental sulfur from carboxylation residues. H9) 

5.4.2.3 Leaching of Copper-Nickel Matte. 



Pressure leaching in either sulfuric acid or ammoniacal solution can be 
used to recover nickel and copper from Ni-Cu matte. (15,20-22) Currently some 
companies in South Africa are using a sulfuric acid leach method to recover 
Cu and Ni from their matte. The matte is a copper nickel sulfide mixture in 
which platinum and other precious metals are components of major economic value, 

A simplified flow sheet to recover nickel and copper from the matte at 
Impala Platinum^!) is presented in figure 5.5.10. The process involves a 
separation leach, i.e., copper and nickel are extracted and the precious metals 
are left in the residue. 
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Figure 5.5.10 
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Source: Plasket, R. and S. Romanchuk, Hydromet., 3_, 1978. 

Copper is recovered by electrowinning and nickel is recovered by hydrogen 
reduction. Ammonium sulfate and ammonia are regenerated and recycled. 

The leaching sequence involves three stages in series. The first stage 
yields 80% nickel extraction and a solution low in copper. The second stage 
leach removes substantially all of the copper and residual nickel value. 
The third stage leach extracts the remaining small amount of nickel, copper 
and iron. 



In the first stage leach, the ground matte is leached with spent electro- 
lyte containing 80-100 g/1 H2SO4 and 18-22 g/1 Cu. The operation is conducted 
in an autoclave at 135 psig oxygen pressure and 130-140°C. The reactions 
involved in this stage are: 



(1) Copper cementation by matte 

CuS0 4 + Ni 3 S 2 = NiS0 4 + 2NiS + Cu° 



[5.5.25] 
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(2) Metal dissolution by H 2 S0 4 and Oxygen 

Ni 3 S 2 + H 2 S0 4 + J5O2 = NiS0 4 + 2NiS + H 2 [5.5.26] 

Cu 2 S + H 2 S0 4 + j0 2 = CuS0 4 + CuS + H 2 [5.5.27] 

(3) Copper replacement by nickel in the leach solution 

NiS + CuS0 4 = CuS + NiS0 4 [5.5.28] 

After a 3 hour retention time, the discharged solution contains 100-110 g/1 of 
nickel, and <10 g/1 of copper. The solution is further purified by the addition 
of NaHS to reduce the excess copper to <0.005 g/1 Cu. Nickel metal is then 
recovered by hydrogen reduction from the purified solution. 

The objective of the second stage leach is to extract as much of the soluble 
Ni , Cu and Co metal values as possible from the first stage leach residue. The 
process is conducted in an autoclave at 275°F and 20 psig of oxygen pressure. 
The solution contains a sufficient amount of sulfuric acid for reaction. The 
reactions occuring during this stage are shown below: 

NiS + 20 2 = NiS0 4 [5.5.29] 

CuS + 20 2 = CuS0 4 [5.5.30] 

Cu° + H 2 S0 4 + ^0 2 = CuS0 4 + H 2 [5.5.31] 

Ni + H 2 S0 4 + 2° 2 = NiS0 4 + HgO [5.5.32] 

FeS + 20 2 = FeS0 4 [5.5.33] 

After a 4 hour retention time, a total of 39.9% of the nickel, 99.0% of the 
cobalt, 98.0% of the copper and 93.0% of the iron from the matte are extracted. 
At this stage the solution contains about 75 g/1 copper, 25 g/1 nickel, 2 g/1 
iron. Iron content is then reduced from 2 g/1 to 1 g/1 by the addition of 
ammonia, prior to the recovery of copper by electrowinning. 

The solid residue is then subjected to a third stage pressure leach to 
extract essentially all the remaining nickel, cobalt, copper and iron. The 
final leach residue is obtained, and fed to the platinum refinery for recovery 
of the platinum group of metals. 

A similar type of acid pressure leach operation for Cu-Ni mattes is 
operating at Port Nickel Refinery in Braithwaite, Louisiana, (22) and at Spring, 
Transvaal, South Africa. (2°) 
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5.4.3 Leaching of Copper Sulfides— Fundamental Studies. 

Learning Activity Objective 

After completing your study of this learning activity material you should 
be able to describe the types of leach systems that have been applied to 
leaching copper sulfides, and be able to list the advantages and disadvantages 
of each leach system. 

Extensive research has been performed on the leaching of copper concentrates 
in an attempt to provide alternative processes for conventional smelting and 
refining. Part of the reason is undoubtedly the concern for sulfur oxide emissions 
since a typical copper concentrate contains 20-30% sulfur by weight. Roast- 
leach processes can be used to produce copper while recovering the sulfur dioxide 
off gas as sulfuric acid. However, if sulfuric acid cannot be marketed, then 
other approaches must be considered, e.g. leaching processes to produce elemental 
sulfur, or jarosite type compounds which can be disposed of in an environmentally 
safe manner. 

Some of the important developments in copper sulfide concentrate leaching 
will be discussed in the following section. 

5.4.3.1 Sulfuric Acid Leach. 

Sulfuric acid, in combination with various oxidizing agents, has received 
a great deal of attention for leaching copper sulfides. The process offers 
several advantages, i.e., low capitol cost, acid availability, minimal corrosion 
problems, recovery of copper by electrowinning, and the regeneration of sulfuric 
acid during the electrowinning. And under proper conditions the excess sulfur 
in the concentrate can be removed as elemental sulfur or as the complex basic 
iron sulfate (jarosite) for easy disposal. The main concern in the sulfuric 
acid leach is a kinetic problem, i.e., the formation of a compact sulfur layer 
on the surface of the sulfide. The rate of the leaching reaction is slow due 
to the solid state diffusion transport through the product layer. 

Most studies on leaching in sulfuric acid systems can be divided into three 
groups: (1) Leaching in concentrated sulfuric acid, (2) Leaching in dilute 
sulfuric acid with oxygen as the oxidizing agent, and (3) Leaching in sulfuric 
acid with ferric iron as the oxidizing agent. 

(231 
Concentrated Sulfuric Acid Leach . v ' The dissolution of copper sulfide 

in hot concentrated sulfuric acid involves two steps. First, the sulfation 

of the sulfide in concentrated sulfuric acid, then a water leach of the sulfated 

concentrate. 

In the first step, concentrated sulfuric acid at 200-230°C behaves as the 
oxidizing aqent. Prater^") has shown that chalcopyrite is the most reactive of 
the sulfides, and is readily sulfated at 190°C in one hour. Digenite, which is 
the least reactive, requires two hours retention at 260°C. The chemistry of 
sulfation reactions are proposed to be as follows: 
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Chalcopyrite 



CuFeS 2 + 2H 2 S0 4 = CuS0 4 + FeS0 4 + 2H 2 S 
Bornite 

2Cu 5 FeS 4 + 8H 2 S0 4 = CuFeS 2 + CugFeSg + 4CuS0 4 + 4S0 2 + 8H 2 
Idaite 

Cu 6 FeS 6 + H 2 S0 4 = 5CuS + FeS0 4 + H 2 



[5.6.1] 



[5.6.2] 



[5.6.3] 



Hydrogen sulfide, H2S, rapidly reacts with sulfuric acid to form elemental 
sulfur, 



H 2 S + H 2 S0 4 = S° + S0 2 + 2H 2 



[5.6.4] 



And at 230°C or lower, the formation of sulfur dioxide is as low as 5%. So, 
the main sulfur product is elemental sulfur. 

Copper sulfate and iron sulfate that is produced from the sulfation 
reaction are insoluble in concentrated sulfuric acid, however, they are readily 
dissolved in water. After sulfation, the copper must be water leached. The 
copper can then be recovered by electrowinning. 

Dilute Sulfuric Acid Leach—Oxygen . The reactions involved in the dissolu- 
tion of copper sulfide by sulfuric acid-oxygen leach conditions are 

Chalcopyrite 

CuFeS^H^+^ + ^O = CuS0 4 + Fe(0H) 3 + 2S c 

Bornite 



Cu 5 FeS 4 + 5H 2 S0 4 +^0 2 = 5CuS0 4 + Fe(0H) 3 + 4S° + ^0 
Chalcocite 

Cu 2 S + H 2 S0 4 + 2° 2 = CuS + CuS0 4 + H 2° 






1, 



Covellite 

CuS + H 2 S0 4 + £0 2 = CuS0 4 + S° + H 2 
Sulfur 

S + 20 2 + H 2 = H 2 S0 4 
As the acid is consumed, iron can be removed by the precipitation reactions, 

Fe 2 (S0 4 ) 3 + 2H 2 = 2Fe(S0 4 )OH + H 2 S0 4 [5.6.10] 
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and 

Fe(S0 4 ) 3 + 10H 2 = 2Fe(S0 4 ) 2 (0H) 5 + 5H 2 S0 4 [5.6.11] 

In addition, iron can be precipitated as hemitite or as hydroxide. 

Sulfur species produced from the sulfide usually exist as elemental sulfur 
and can be recovered by flotation. Vizsolyi(24) indicated that 85% of elemental 
sulfur can be recovered at oxygen pressures as high as 500 psi at 240°F. 

Several investigators have reported on the kinetics and mechanism of acid 
dissolution of chalcopyrite under autoclave conditions. Depending on the 
reaction temperature two distinct controlling steps have been found, figure 
5.6.1 . ^25; ^ ni -g n activation energy process occurs at high temperatures, and 
a low activation energy process at low temperature. The transition temperature 
between these two processes corresponds to the melting point of elemental sulfur. 
Warren(26) and Yu, et.al.(27) suggested a surface reaction mechanism control at 
high temperatures. Yuv27) et.al. have studied the leaching of monosized 
chalcopyrite. They have shown that the experimental data fits the rate equation 
for the shrinking core model for the surface reaction control (figure 5.6.2). 
The rate equation is simplified as, 

l-(l-a) 1/3 = — t [5.6.12] 

r o 

where a = fraction of solid reacted, 

k = rate constant for surface reaction, including necessary concentration 
term, 

r = radius of original solid particle. 
Although the reaction was electrochemical in nature, i.e., 
Cathodic reactions 

2 + 2H + + 2e = H 2 2 [5.6.13] 

H 2 2 + 2H + + 2e = 2H 2 [5.6.14] 



Anodic reactions 

CuFeS 2 + 8H 2 = Cu 2+ + Fe 2+ + 2S0 4 2 " + 16H + + 16e [5.6.15] 

Fe 2+ = Fe 3+ + e [5.6.16] 

the rate data did not reflect voltage dependence. The authors have suggested^ 27 ' 
that the reaction rate is not controlled by the charge transfer reaction but 
rather by a chemical reaction in conjunction with an adsorption reaction. 

When leaching at a temperature below the melting point of sulfur, Forward^) 
suggests the rate controlling process is the transport of reactants through the 
coating of elemental sulfur on the mineral surface. Braithwaite and Wadsworth'") 
have studied the leaching kinetics under relative low temperature and low acidity 
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Figure 5.6.1 Arrhenius Plot of Initial Rate Data for the Oxidation of 
Chalcopyrite (200/270 Mesh) to Determine the Experimental 
Activation Energy (kcal/mole). 
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Figure 5.6.2 Comparison of a With l-(l-a) /3 As A Function of Time. 
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conditions to simulate deep solution mining. Their results indicate that the 
rate is controlled by the diffusion of H + through sulfur layer when leached 
at high pH, whereas at low pH, the reaction is principally surface reaction 
controlled. 

Braithwaite et.al.' ' have also showed that chalcopyrite is a pH buffering 
mineral under the condition of their study (figure 5.6.3). The buffering 
phenomenon is explained as a dynamic equilibrium between the rate of acid 
consumption, such as the leaching reaction, and the rate of acid generation, 
such as the iron hydrolysis reaction. 



Figure 5.6.3 



Plot of Solution pH Versus Time at Various Initial pH Values 
for the Oxidation of Chalcopyrite (200/270 Mesh) at 90°C and 
500 psia Oxygen Pressure. 
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Dilute Sulfuric Acid Leach--Ferric 



Ion. Ferric ion is a strong oxidizing 
is about 0.8 v. (SHE). It can, 



agent. The associated oxidation potential 

therefore, dissolve copper sulfide minerals at relatively low temperatures 
and low pressures compared to oxygen leaching. The requirement for using auto- 
claves for ferric sulfate leaching is, therefore, not necessary. Ferric sulfate 
has also been recognized to be an important factor in leaching copper from 
sulfide waste dumps. 

The reactions for the dissolution of copper sulfide in the presence of 
ferric ions are: 



Chalcopyrite 

CuFeS 2 + 2Fe 2 (S0 4 ) 3 = CuS0 4 + FeS0 4 + 2S C 
Chalcocite 

Cu 2 S + 2Fe 2 (S0 4 ) 3 = 2CuS0 4 + 4FeS0 4 + S° 



[5.6.17] 



[5.6.18] 
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Bornite 

Cu 5 FeS 4 + 6Fe 2 (S0 4 ) 3 = 5CuS0 4 + 13FeS0 4 + 4S° [5.6.19] 

Covellite 

CuS + Fe 2 (S0 4 ) 3 = CuS0 4 + 2FeS0 4 + S° [5.6.20] 

Dissolution of chalcopyrite by ferric sulfate can be successfully modeled 
by the product layer diffusion controlled equation for the shrinking core model, 

] 2 -(l-a) 2/3 = -^- [5.6.21] 

d o P B 

where a = fraction of CuFeS2 reacted at time t 

b/a = stoichiometry ratio, moles CuFeS2 per moles of diffusion species 

D^(eff) = effective diffusivity of diffusion species through the product layer 

0^ = concentration of diffusion species 

d = initial partial diameter 

Po = molar density of chalcopyrite 

t - time 

The results of leaching experiments^) on 12 micron and 47 micron monosize 
samples at 1 M ^SOa, 0.25 M Fe2(S04)3, and 93°C show a linear relationship 
between l-2/3a-(l-&]2/3 and reaction time. This confirms the diffusion control- 
led kinetic (figure 5.6.4) model. Outrizac et.al.^ 29 ) have used a rotating 
disc technique to study the leaching of synthetic chalcopyrite by ferric 
sulfate. Parabolic rate dependence was found, indicating that the reaction 
was also controlled by diffusion transport. Dutrizac et.al.'^O) also studied 
the effect of ferric sulfate concentration on the rate of leaching chalcopyrite, 
figure 5.6.5. Above a ferric ion concentration of 0.01 M, the rate of leaching 
was insensitive to changes in concentration. In a commercial application the 
concentration of ferric ion will probably always be above this concentration, 
and therefore, the process will have a rate independent of the ferric concen- 
tration. This result was confirmed by Beckstead. (29) 

In the product layer diffusion controlled model, the rate is inversely 
proportional to the square of the original particle diameter (Equation [5.6.21]). 
Particle size is the most important factor in determining the rate of leaching. 
Beckstead et.al.(29) demonstrated this dependence, e.g., excellent copper 
extraction was obtained after three hours leaching for a median particle size 
of 0.5 \i whereas, copper extraction from coarser products were substantially 
less, figure 5.6.6. The schematic diagram of the attritor apparatus used to 
produce the fine particle size is illustrated in figure 5.6.7. 

5.4.3.2 Ammonia-Oxygen Leach. 

Cupric ion combines with ammonia to form a stable copper-ammine complex 
of the form Cu(NH3) 4 . The Eh-pH diagram showing the equilibrium conditions 
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Figure 5. 6. 4. a A Plot of Fraction of Copper Extracted from Monosize 

Chalcopyrite Particles as a Function of Time for 1.0 M 
H2SO4, 1.0 M Fe2(S0 4 ) 3 , 93°C, 0.5 Percent Solids and 
1200 rpm. 
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Figure 5.6.4.b A Plot of 1 -| a - (1-a) ' For Monosize Chalcopyrite 

Particles as a Function of Time for the Data Shown in 
Figure 5.6.3. 



so 



40 



* 

- .01- 



00 



• 12 MICRON CaF.S, 
O 47 MICRON CuF«S, 



m 
^_r,- n -o — P— O r °-°- 



-O O- 



40 



60 80 100 

TIME (Hour*) 



120 



Source: Beckstead, L. W., et.al, Ext. Met. Copper, AIME, V. 2, 1976. 



(29) 



5.6.7 



Hydrometallurgy 



Leaching of Sulfides 



Figure 5.6.5 Effect of Ferric Ion Concentration on the Rate of Chalcopyrite 
Leaching. 
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Figure 5.6.6 A Plot of Copper Extracted by Ammonia Oxidation Leaching as a 
Function of Time for Various Chalcopyrite Products at 93°C, 
1.0 atmos. 02, 1.8 M Total Ammonia at pH 10.20, 1.0 Percent 
Solids and 2000 rpm. 
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Figure 5.6.7 Schematic Drawing of Attn tor. 
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Figure 5.6.8 Eh-pH Diagram for CU-NH3 System [Cu] = 0.5 m [NH3] + [NH4] + 1 .0 m. 
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under which copper-ammine complexes are stable is presented in figure 5.6.8. 
The ammonia-oxygen leaching method offers several advantages over the acid 
leach process, e.g., (1) sulfur is converted into sulfate rather than elemental 
sulfur (recall that sulfur tends to block the surface of the concentrate), (2) 
the leach reactions are more selective, i.e., the pyrite remains unreacted; 
iron is oxidized to ferric oxide and will remain in the residue; most of the 
molybdenum will remain in the residue; arsenic and antimony will be oxidized 
and will combine with iron to form highly insoluble ferric arsenate and 
antimonate. 

The dissolution reactions for copper sulfides in an ammonia-oxygen 
environment are, 

Chalcocite 

Cu 2 S + 6NH 3 + (NH 4 ) 2 S0 4 +|o 2 = 2Cu(NH 3 ) 4 S0 4 + 2H 2 [5.6.22] 

Covellite 

CuS + 4NH 3 + 20 2 = Cu(NH 3 ) 4 S0 4 [5.6.23] 

Chalcopyrite 

2CuFeS 2 + 12NH 3 + y0 2 + (2n)H 2 = 2Cu(NH 3 ) 4 S0 4 + 2(NH 4 ) 2 S0 4 + FegOynHgO 

[5.6.24] 
Bornite 

2Cu 5 FeS 4 +36NH 3 +2(NH 4 ) 2 +^0 2 +(n-2)H 2 = 10Cu(NH 3 ) 4 S0 4 +Fe 2 3 -nH 2 

[5.6.25] 

Stanczyk and Rampacek* ' have shown that 96% of the copper can be extracted by 
leaching copper concentrate at 75°C under 100 psig oxygen pressure with 
ammoniacal solution for 60 minutes. Bornite, chalcocite and covellite dissolve 
faster than chalcopyrite under the same conditions. 

(31) 
When leaching chalcopyrite, Stanczyk and Rampacek v ' have found the 

formation of a ferric oxide product layer on the surface of the sulfide, and 

suggested that the rate controlling step is diffusion through this layer. ,-„> 

However, this oxide layer can be diminished by the use of intense agitation. ^ ' 

The Arbiter process has applied intense agitation to abrade the oxide from the 

surface to expose fresh surface for reaction; also to provide good transport 

of oxygen. As a result, the Arbiter process is conducted at a relatively low 

temperature, 70°C, and low oxygen pressure, 5 psig. In contract the Sherritt- 

Gordon ammonia-oxygen process does not use internal abrasion but uses autoclave 

reactors to speed up the transport through the deposited layer, i.e., 85°C 

and an air pressure of 110 psig. (33) 

Under the conditions of the Arbiter process, Beckstead et.al. ' have 
explained the kinetics of the oxidation based on the electrochemical model. 
This model is shown schematically in figure 5.6.9. The formation of hemitite 
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Figure 5.6.9 Schematic Representation of the Electrochemical Reaction and the 
Reduction of the Anodic Area by the Hematite Reaction Product. 
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passivates the anodic reaction, as seen in figure 5.6.9. The proposed electro- 
chemical reactions are: 

Anodic reaction 

CuFeS 2 + 190H" = Cu 2+ + ^e^ + 2S0 4 2 " +^H 2 + 17e" [5.6.26] 

Cathodic reactions 

2 + 2H 2 + 4e" = 40H" [5.6.27] 

2 + 2H 2 + Cu 2+ + 4e" = 40H" + Cu 2+ [5.6.28] 

where Cu^ + in the cathodic reactions behaves as a catalyst. 

(35) 
Warren and Wadswortfrr ' have studied the electrochemical behavior of 

chalcopyrite in ammoniacal solutions. The polarization measurement for chal- 

copyrite in the anodic direction (Equation [5.6.26]) in the absence of oxygen 

was performed by a potentiostat. Results, shown in figure 5.6.10, indicate 

the reaction is charge transfer controlled when the potential is lower than 

1.0 volt (SHE). If oxygen gas is used as the oxidizing agent, which has an 

equilibrium potential less than 1.0 volt in alkaline solutions, the anodic 

dissolution of chalcopyrite will be controlled by a charge transfer reaction. 

This result is in agreement with the Beckstead study. (33) The Tafel slope 

value, 140 mv/decade, was interpreted to be a single electron transfer process, 

and the reaction order was found to be first order with respect to both [OH - ] 

and [NH3]. The rate controlling step was, then, proposed to be 

CuFeS 2 + NH 3 + OH" = CuNH 3 + + Fe0H + + S 2 2 " + e [5.6.29] 

All products represented are intermediate species and would be expected to 
react further: 

CuNH 3 + + 3NH 3 = Cu(NH 3 ) 4 2+ + e" [5.6.30] 

Fe0H + + OH" = Fe(0H) 2 [5.6.31] 

Fe0H + + 20H = FeOOH + H 2 + e" [5.6.32] 

S 2 2 " + 60H" = S 2 3 2 " + 3H 2 + 6e [5.6.33] 

5.4.3.3 Ferric Chloride Leach. 

Chloride leaching is important because many metal chlorides have a high 
aqueous solubility, e.g., CuCl2 readily dissolves in hot water, 107.9 g/1 , and 
even CuCl is a stable species. Use of an acid chloride environment offers 
other advantages. Such as, the sulfur layer formed during the chloride leach 
does not passivate the reaction to as great an extent as during the sulfate 
leach. The recovery of elemental sulfur is usually higher in the chloride 
system than in the sulfate system. Chloride leach systems also require less 
oxidant than the sulfate systems because the reaction product can be CuCl 
rather than Cu(II) ion. 
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Figure 5.6.10 



Polarization Curves at 25°C for Sample 8D in Five Solutions 
of Different [OH - ] Concentration. Other Components Remained 
Essentially Constant: [Cu 11 ] = 0.083 M, [SO4"] = 1.0 H, 
z (NH4 + NH3) = 1.76 M. Ionic Strength Varied from 2.6 to 2.9. 
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Problems generally arising in chloride leach systems are the maintenance 
of equipment due to the corrosive nature of the liquid environment and the 
subsequent recovery of copper from the chloride leach solution. 

Several chloride-containing reagents, or combinations of reagents, can 
be used to leach copper sulfide, but the most widely used is ferric chloride 
because it is relatively inexpensive and can be regenerated. The leach reactions 
of interest in ferric chloride solutions are, 

Chalcopyrite 

CuFeS 2 + 3FeCl 3 = CuCl + 4FeCl 2 + 2S° [5.6.34] 

Chalcocite 

Cu 2 S + 2FeCl 3 = 2CuCl + 2FeCl 2 + S° [5.6.35] 

Covell ite 

CuS + FeCl 3 = CuCl + FeCl 2 + S° [5.6.36] 

Sometimes, CuCl 2 is involved in the reaction as an oxidizing agent, 

CuS + CuCl 2 = 2CuCl + S° [5.6.37] 

Leaching chalcopyrite with ferric chloride is faster than with ferric 
sulfate. Haver and Wong(36,37) reported almost 100% copper extraction from 
finely ground chalcopyrite using a strong ferric chloride solution at 106°C 
(figure 5.6.11). They also found that the rate was sensitive to temperature 
and suggested that the chemical reaction was the rate-controlling step in 
the reaction sequence. Jones and Peters^S) have shown that the dissolution 
of rnonosize chalcopyrite by ferric chloride follows the chemical reaction 
controlled rate equation based on the shrinking core model, 

l-(l-a) 1/3 = JLt [5.6.38] 

o 

Results for several sizes are shown in figure 5.6.12. By using mixed potential 
measurements, Jones and Peters have postulated that the cathodic reaction on 
chalcopyrite in chloride solution is catalyzed by aqueous copper, 

Cathodic reaction: 

Cu 2+ + 2C1" + e = CuCl 2 " [5.6.39] 

so that ferric chloride leaching is, in reality, cupric chloride leaching. The 
ferric ion serves to reoxidize the cuprous ions. Since the measured mixed 
potential is close to the equilibrium potential for the cathodic reaction, 
Equation [5.6.39] (i.e., small cathodic polarization), the leaching of chalco- 
pyrite in ferric chloride solution was proposed to be controlled by the anodic 
reaction, 

Anodic reaction: 

CuFeS2 = Cu 2+ + Fe 2+ + S° + 4e [5.6.40] 
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Figure 5.6.11 Effect of Temperature on Recovery from a Chalcopyrite 
Concentration in a FeCl3 Solution. 
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Figure 5.6.12 Ferric Chloride Leaching of Chalcopyrite. 
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5.4.3.4 Nitric Acid Leach. 

The powerful oxidizing power of nitric acid is well recognized. Several 
attempts have been made to use the oxidizing ability to leach copper sulfide. 
The main concerns of using nitric acid are: The high costs of nitric acid, 
the difficulties of regenerating nitric acid from off gas nitrogen oxide, the 
difficulty recovering copper from nitrate solutions, and the corrosive nature 
of the solution on container vessels. 

(39) 
Bjorling and Kolta v investigated the oxidation of copper sulfides and 



other minerals in a sulfuric acid solution containing a low concentration of 
nitric acid as a catalyst. The chemistry of sulfuric-nitric acid leach process 
is complex. The following general reactions have been proposed: (39,40) 

Covellite 

3CuS + 2HN0 3 + 3H 2 S0 4 = 3CuS0 4 + 3S° + 2N0 + 4H 2 [5.6.41] 

or 

CuS + 2HN0 3 + H 2 S0 4 = CuS0 4 + S° + 2N0 2 + 2H 2 [5.6.42] 

Chalcopyrite 

6CuFeS 2 +l OHNO3+1 5H 2 S0 4 - 6CuS0 4 +3Fe 2 ( S0 4 ) 3 +l 0N0+1 2S° [5 . 6 . 43] 

or 

2CuFeS 2 +10HN0 3 +5H 2 S0 4 = 2CuS0 4 +Fe 2 (S0 4 ) 3 +10N0 2 +4S° [5.6.44] 

Whether NO or NO2 is the reaction product depends greatly on the nitric acid 
concentration, figure 5.6.13. It is preferable to form nitric oxide rather 
than nitrogen dioxide because 3/2 moles of nitric acid are required per mole 
of CuS if nitric oxide is the product, and 2 moles of HNO3 is required per 
mole of CuS if nitrogen dioxide is the product. 

5.4.3.5 Cyanide Leach. 

Cyanide solutions are capable of dissolving copper sulfide in the 
absence of an oxidizing agent, e.g., 

Cu 2 S + 6CN" = 2Cu(CN) 3 2 " + S 2 " [5.6.45] 

Elemental sulfur does not form in the absence of an oxidizing agent. In the 
presence of cyanide ion, the cuprous ion will not be oxidized further to cupric 
because the cyanide ion stabilizes the cuprous state in the solution. Chalco- 
cite is dissolved in the cyanide solution rapidly, (41) but chalcopyrite is not 
appreciably attacked (figure 5.6.14), nor is pyrite. 

In the presence of oxygen the sulfide ion could be expected to oxidize to 
elemental sulfur, 

2Cu 2 S + 4CN" + 2 + 2H 2 = 2S° + 2Cu(CN) 3 2 " + 20H" [5.6.46] 

which tends to accumulate on the surface of the mineral. The dissolution rate 
would be hendered. 
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Figure 5.6.13 Distribution of NO and NO2 in the Gas as a Function of HN0 3 
Concentration. 
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Figure 5.6.14 Recovery of Copper from Chalcocite, Covellite, and Bornite 
by Cyanide Leaching as a Function of Time. 



Mlnarali ware— 200 +326 mesh 

3 grami NaCN equlv./grama of Cu used 



30- 



Chalcocito 




2 

Time, h 



Source: Lower, G. and R. Booth, Min. Engr., 1975. 



(41) 



5.6.18 



Hydrometallurgy 



Leaching of Sulfides 



(42) 
A detailed kinetic study v ' indicates that the rate of leaching of CU2S 

with cyanide ion is directly proportional to the free cyanide ion concentration 

and surface area, and inversely proportional to the sulfide ion concentration 

to a low power (0.1). The maximum extraction occurs at a pH of 9.9 and CN:Cu 

ratio greater than about 4:1. 
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LEARNING ACTIVITY 7 




Learning Activity Objective 

After completing your study of this learning activity material you should 
be able to list the types of microbial species used in leach systems, and list 
the systems to which microbial action is of importance. 



5.4.3.6 Microbiological Leach. 



(45) 




The oxidative dissolution of sulfide minerals in copper waste dumps 
account for a large portion of copper recovered by hydrometallurgical techniques. 
Today more than 10% of the primary copper produced in the United States is from 
dump leaching. The bacterium activity plays an important role in the oxidative 
dissolution of the sulfide minerals. 

In general , the bacteria that are found in the nature that account for the 
dissolution of the mineral, and for the formation of the secondary enriched ore 
deposits by supergene enrichment can be classified into two general categories: 
Autotrophic and heterotrophic bacteria. Autotrophic bacteria obtain self- 
nourishment for their energy and reproductive cycles from purely inorganic 
material, and heterotrophic bacteria require the availability of organic matter 
to complete their cycle. 

Both autotrophic and heterotrophic bacteria can be further classified as 
aerobic and anaerobic bacteria. The aerobic bacteria operate specifically in 
the presence of oxygen and perform primarily the oxidation reaction. They are 
responsible for oxidizing metal sulfides to water soluble sulfates. For 
instance, bacteria thiobacillus thiooxidans accelerate the oxidation reaction 
of pyrite to sulfuric acid and ferrous sulfate, 



FeS + 



H 2 



♦ £ 



aerobic 
2 bacteria 



FeSO, 



H 2 S0 4 



[5.7.1] 



The anaerobic bacteria function in the absence of oxygen and perform the 
reduction reactions that result in the deposition of secondary enrichment 
found in nature. The geological alternation is generated by the reduction 
of the water soluble metal sulfate to an insoluble metal sulfide deposit. 
For instance, bacteria, desul fori brio sulfuricans , accelerate the reaction 
of copper sulfate to covellite according to the following reaction, 



CuS0 4 + 



8H + 8e 



anaerobic 

bacteria 



- CuS + 



4H 2 



[5.7.2] 



The ox 
to sulfate 
known as th 
approximate 
distributed 
members of 
ture.(45] 

mine waste 
latter has 
property is 



idation of sulfide, and other reduced inorganic sulfur compounds, 
as an energy-yield process is the ability of a group of bacteria 
iobacilli . This genus of bacteria are aerobic, motile, rods 
ly 0.5 y in length, and autotrophic. The thiobacilli are widely 
in soils, muds, mine water, and fresh and marine waters. The 
this genus can function over a significant range of pH and tempera- 
Two strains of commonly found thiobacilli in waters from copper 
are thiobacillus thiooxidans and thiobacillus ferrooxidans. The 



the ability to oxidize ferrous iron to ferric iron 
also shared by another group of bacteria to which 



This last 
the generic 
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name of ferrobacillus has been given. Some of the ferrobacilli have also been 
shown to oxidize sulfur compounds and the validity of these two genera, thio- 
bacillus and ferrobacillus is open to question. (44) For the purpose of the 
present discussion no distinction will be made between these two groups. These 
microorganisms will be treated as a class of iron-sulfur bacteria. Some of the 
common iron-sulfur oxidizing bacteria and their occurrance are listed in Table 
5.7.1. 






Table 5.7.1 The Iron and Sulfur Oxidizing Bacteria. 



(45T 



The members of these genora are non-sporulating rods, 0.5 \t in diameter, 
aerobic and autotroph!' s. 



Organism 

Thiobacillus 
thiooxidans 

Thiobacillus 
ferrooxidans 

Thiobacillus 
thioparus 

Ferrobacillus 
ferrooxidans 

Ferrobacillus 
sulfooxidans 



Soil 



Acid mine and soil 
water containing 
hydrogen sulfide 

Canal water, mud, 
soil 

Acid, 'bituminous coal 
mine effluent 

Acid coal mine water 



Optimum growth 28-30°c, pH=2; 
oxidizes sulfur, sulfide but not 
ferrous iron 

Optimum growth pH 2.5-5.8; oxidizes 
ferrous iron and sulfur compounds; 
motile 

Growth pH range 7.8-4.8; generally 
aerobic and motile; oxidizes sulfur 
compounds 

Optimum growth 15-20°C, pH 3.5; 
oxidizes ferrous iron and sulfur 
compounds 

Optimum growth 32°C, pH 2.8; oxidizes 
ferrous iron and sulfur 



Ferrous iron sulfide such as pyrite and chalcopyrite appear to be oxidized 
directly by iron-sulfur bacteria with the production of soluble metals and 
elemental sulfur, 



FeS 2 + 40 2 bdsifnr 2FeS0 4 + s ° 



[5.7.3] 



CuFeS 2 + 6H o S0 



bacteria' FeS0 4 + CuS0 4 + 2S0 2 + 6H 2° + S ° 



[5.7.4] 



The elemental sulfur may further be oxidized by the bacteria to generate 
sulfuric acid, 



s ° + ?°2 + H 2 b^finr H 2 S0 4 



[5.7.5] 



The iron oxidizing bacteria will oxidize the available ferrous iron to ferric 
iron according to the following reaction, 



Fe 



4FeS0 4 + 2H 2 S0 4 * 2 bac £ Ha » 2Fe 2 (S0 4 ) 3 + 2H 2 



[5.7.6] 
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It has been reported that iron-sulfur bacteria oxidized 200 ppm of ferrous 
iron in 3 
two years. 



iron in 3 days, otherwise, ferrous iron was chemically stable for more than 



Ferric sulfate is a strong oxidizing agent, and readily reacts with 
pyrite or chalcopyrite resulting in the formation of soluble metals, and 
sulfur or sulfuric acid, 

Fe 2 (S0 4 ) 3 + FeS = 3FeS0 4 + 2S° [5.7.7] 

2Fe 2 (S0 4 ) 3 + CuFeS 2 = CuS0 4 + 5FeS0 4 + 2S° [5.7.8] 

The reaction product, ferrous sulfate, is further oxidized according to 
equation [5.7.6], and the cycle is repeated. 

The oxidation of non-ferrous sulfides such as covellite and sphalerite 
is more complex, and it would appear that iron stimulates the reaction. 
Molouf and Prater( 4 °) have demonstrated that the bacterial release of zinc 
from sphalerite is stimulated about 10-fold by the presence of pyrite. It 
is probably due to the contribution of ferric sulfate in the same way as 
previously stated in Equations [5.7.7] and [5.7.8], e.g., covellite; ferric 
sulfate oxidizes covellite to cupric sulfate according to the following 
reaction, 

CuS + Fe 2 (S0 4 ) 3 = FeS0 4 + CuS0 4 + S° [5.7.9] 

Ferrous ions will be reoxidized with the help of bacteria to form ferric ions 
according to Equation [5.7.6], 

4FeS0 4 + 2H 2 S0 4 + 2 ba ^ e Ha' 2Fe 2 (S0 4 ) 3 + 2H 2 [5.7.6] 

and recycled to Reaction [5.7.9] for further dissolution of covellite. 
Reactions [5.7.9] and [5.7.6], i.e., the consumption and regeneration of 
ferric sulfate, show an example of an indirect bacteria leaching mechanism 
in which bacteria may not be necessarily in contact with the mineral. 
Several experiments have also indicated that bacteria are able to attack some 
non-ferrous sulfide minerals directly. (^7) These direct and indirect bacterial 
leaching mechanisms for non-ferrous sulfide mineral probably occur in parallel. 
Typical reactions involving microbiological leaching of sulfide minerals by 
iron-sulfur bacteria are listed in Table 5.7.2.(48) 

Acid that is required for the oxidation of ferrous to ferric iron, for the 
leaching of minerals and for the maintenance of acidity, is generated by the 
biological oxidation of elemental sulfur to sulfuric acid, 

S+ ?°2 +H 2 bacteria' H 2 S0 4 t 5 - 7 - 5 ^ 

Additional acid may be generated by chemical hydrolysis of ferric ion, 

Fe 2 (S0 4 ) 3 + 6H 2 = 2Fe(0H) 3 + 3H 2 S0 4 [5.7.10] 

Numerous laboratory studies as well as direct field examination suggest 
that the optimum temperature for the activity of the iron-sulfur bacteria is 
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Table 5.7.2 Autotroph! c-Aerobic Acid Media Species 

Thi obaci 1 1 us Thiooxidans 
Thiobacillus Ferrooxidans 



Arsenic 
Orpiment 

Copper 

Chalcocite 



Covellite 
Chalcopyrite 

Bornite 

Lead 

Galena 

Iron 



Reactions 



As 2 S 3 oxidized As0 3 3 , As0 4 3 , S0 4 2 



Cu 2 S + 4H 2 S0 4 = 2CuS0 4 + 2S0 2 + 4H 2 + S 

Cu 2 S + Fe 2 (S0 4 ) 3 = CuS0 4 + 2FeS0 4 + CuS 

CuS + Fe 2 (S0 4 ) 3 = CuS0 4 + 2FeS0 4 + S 

CuFeS 2 + 6H 2 S0 4 = CuS0 4 + FeS0 4 + 5S0 2 + 6H 2 + S 

CuFeS 2 + 2Fe 2 (S0 4 ) 3 = CuS0 4 + 5FeS0 4 + 2S 

Cu 5 FeS 4 + Fe 2 (S0 4 ) 3 + 8-l/20 2 = 5CuS0 4 + 2FeS0 4 + FeO 

PbS + Fe 2 (S0 4 )3 + H 2 + l-l/20 2 = PbS0 4 + 2FeS0 4 + H 2 S0 4 



Pyrite FeS 2 + Fe 2 (S0 4 ) 3 = 3FeS0 4 + 2S 



Fe 2+ = Fe 3+ ♦ e" 



Molybdenum 
Molybdenite 

Nickel 



Millerite 

Antimony 

Tethahedrite 

Uranium 

Sphalerite 



MoSp oxidized to H 2 Mo0 4> pentavalent Mo, and H 2 SCL 



NiS + 4H 2 = Ni 2+ + 8H + + S0 4 2 "+3e" 



Oxidation of Cu R Sb ? S 7 



ZnS + 4H 2 = An 2+ + S0 4 2 " + 8H + + 8e~ 

ZnS + 4Fe 2 (S0 4 ) 3 + 4H 2 = ZnS0 4 + 8FeS0 4 + 4H 2 S0 4 
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between 25° and 30°C with an upper limit in the region of 40°C. Thiobacillus 
thiooxidans can tolerate 5% H2SO4 and 20 g/1 copper, however, the optimum pH 
is between 2 and 3.5. 

5.4.3.6 Electrochemical . 

Copper sulfides are semiconductors and will conduct an electric current 
at room temperature. Because leaching sulfide minerals involve an electro- 
chemical reaction, it is possible to dissolve a sulfide mineral by applying 
an electric current. The technique for electrochemical leaching is analogous 
to the conventional electrolytic refinery. If copper sulfide is made the 
anode in an acidic aqueous electrolyte, an electric current will dissolve 
copper and leave behind elemental sulfur according to the following reaction, (50) 

CuS = Cu 2+ + S° + 2e [5.7.11] 

while at the cathode, cupric ions in the electrolyte will be recovered, 

Cu 2+ + 2e = Cu° [5.7.12] 

Numerous attempts have been made to apply this technique to the hydro- 
metallurgy of chalcopyrite. Following is an example of a pilot plant tested 
process, i.e., the Cymet process. (51) The Cymet process combines chemical 
leaching with electrochemical dissolution to treat chalcopyrite according to 
the following reactions: 

1. Leaching chalcopyrite particles by ferric chloride, 

CuFeS 2 + 3FeCl 3 = CuCl + 4FeCl 2 + 2S° [5.7.13] 

2. Electrochemical dissolution of chalcopyrite electrode at the anode, 

CuFeS 2 + 3HC1 = CuCl + FeCl 2 + 3H + + 2S° + 3e~ [5.7.14] 

3. Electrochemical deposition of copper from electrolyte at the cathode, 

CuCl + e = Cu° + e [5.7.15] 

The oxidizing agent, ferric chloride, is regenerated in a separate electrolytic 
cell. Metallic iron is also produced in this cell, e.g., 

(1) Electrochemical oxidation of ferrous to ferric iron occurs at the 
anode, 

FeCl 2 + CI" = FeCl 3 + e [5.7.16] 

(2) Electrochemical deposition of iron occurs at the cathode, 

FeCl 2 + 2e = Fe + 2C1" [5.7.17] 

Problems normally involved in electrochemical leaching processes to treat 
chalcopyrite are (1) the formation of a sulfur layer on the solid particle 
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surface which requires a higher cell voltage as the reaction proceeds and 
(2) the impurity level in the cathodic copper deposit is high, and a subse- 
quent refining step is necessary. 
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LEARNING ACTIVITY 8 



Learning Activity Objective 

After completing your study of this learning activity material you should 
be able to list the types of leach environments used for treating copper 
sulfides in commercial operations. You do not need to memorize flow sheets 
but you should be able to describe the basic types of process each commercial 
operation uses. 

5.4.4 Leaching of Copper Sulfide - Processes. 

Hydrometallurgical processing of copper concentrates has been developing 
rapidly. Several processes have been tested on a pilot plant scale, and some 
have advanced to commercial systems. A brief description of some of these 
processes is given in the following discussion. 

(52) 
5.4.4.1 Roast--Leach--Electrowin Process. 

The roast-leach process combines a pyrometallurgical operation (roasting) 
with a hydrometallurgical process. This technology has been practiced in 
Africa for several years and recently Hecla Mining Company installed this 
process at their Lakeshore Mine in Arizona. The process involves the sulfation 
roasting of chalcopyrite in a fluidized bed roaster in which the temperature 
is controlled between 685-700°C. The flue gas, after dust removal and cooling, 
is converted into concentrated sulfuric acid. The calcine (the solid roasted 
product) is hot quenched and leached in agitation tanks by spent acidic electro- 
lyte from the electrowinning circuit. The electrolyte contains about 20 g/1 
H2SO4. About 96% of copper is dissolved in a 3 hour retention time. After a 
solid-liquid separation, copper is recovered from the pregnant liquor by 
electrowinning. The copper product has a purity of 99.95%. This is comparable 
to electrolytic refined copper. The spent electrolyte is recycled to the 

The acid generated from the acid plant is used for vat leaching 
ore. The flow sheet of the R-L-E process at Lakeshore Mine 
Figure 5.8.1 . 



leaching step, 
of copper oxide 
is presented in 



5.4.4.2 Ammonia Leach Processes. 

The basis of these processes is the fact that copper is solublized in an 
alkaline solution as an ammine complex. Also, iron does not dissolve and 
complex but rather is oxidized to hemitite which can be easily removed as a 
solid product. So are acid consuming minerals, lime and magnesia. Arsenic 
and antimony are oxidized and combined with excess ferric iron to form a 
highly insoluble ferric arsenate and antimonate. The leaching reactions are, 

2CuFeS 2 + 12NH 3 +^0 2 + ( +n)H 2 = 2Cu(NH 3 ) 4 S0 4 + 2(NH 4 ) 2 S0 4 + Fe^-n^O [5.8.1] 



Cu 2 S + 



6NH 3 + (NH 4 ) 2 S0 4 + J0 2 = 2Cu(NH 3 ) 4 S0 4 + H 2 



[5.8.2] 



Oxidized sulfur can be in the form of thiosulfate, polythionate, sulfamate and 
sulfate. The Sherritt-Gordon Copper Process and Arbiter Process are examples 
of the application of this type process for extracting copper. 
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Figure 5.8.1 Lakeshore Project-Plant Flowsheet. 
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(53) 
Sherritt-Gordon Copper Process . ' This process has been developed in 

the Sherritt-Gordon Laboratory for the treatment of the copper-zinc concentrates 

from the Bagacay and Si pal ay Mines in the Phillipines. The process is made up 

of (shown in figure 5.8.2) the following steps: 

1. The copper-zinc concentrate is leached in autoclaves in air at 85°C, 
110 psig. Under these conditions 95.6% Cu, 80.0% Zn and 58% S are dissolved 
in 9 hours. Iron is oxidized to solid ferric hydroxide; molybdenum remains 
quantitatively in the residue, so does alumina, silica, lime, magnesia, gold 
and silver. 

2. The unsaturated sulfur compounds, thiosulfate and polythionate are 
oxidized to sulfate and sulfamate, then precipitated. 

3. Copper powder is recovered by hydrogen reduction in autoclaves at 
200°C, 500 psig, in the presence of ammonium polyacrylate. 

Cu(NH 3 ) 2 6 S0 4 + H 2 = Cu° + (NH 4 ) 2 S0 4 + O.6NH3 [5.8.3] 

4. Zinc is precipitated as zinc carbonate in an autoclave at a carbon 
dioxide pressure of 100 psig, 

4Zn(NH 3 ) 3 5 S0 4 +5C0 2 +9H 2 = 2ZnC0 3 -Zn(0H) 2 +4(NH 4 ) 2 S0 4 +3(NH 4 ) 3 C0 3 [5.8.4] 

5. Basic zinc carbonate is redissolved by sulfuric acid in spent electro- 
lyte, and then is recovered as metallic zinc by electrowinning. 

(54) 
Arbiter Process . The process developed by Anaconda was in operation 

for several years at Arbiter Plant, Anaconda, Montana. The process utilized 

intense agitation to abrade the hemitite product layer from the particle 

surfaces and to increase the dissolution rate of oxygen gas into the solution. 

As a result, this process was carried out in a stirred tank reactor at a 

relatively low temperature, i.e., about 75°C, and low oxygen pressure, i.e., 

about 5 psig. The process involved four main steps: leaching, solvent 

extraction, electrowinning and ammonia regeneration (figure 5.8.3). During 

the leach step iron was precipitated; copper and sulfate dissolved as ammonium 

sulfate, Equation [5.8.1]. After solid-liquid separation, copper was extracted 

by an organic solvent LIX 65N. The raffinate was treated with lime to 

regenerate ammonia and to produce disposable gypsum (CaS04). 

The loaded organic was stripped with acid electrolyte recycled from 
electrowinning. Finally, copper was produced by electrowinning practice. 

The ammonia oxidation leach, as applied to the Anaconda Weed concentrate 
was designed to extract only about 80% of copper values. The remaining 
copper was recovered by flotation and then recycled to their smelting circuit. 
In the laboratory an average leach time of 1-1/2 hours was required for 80% 
extraction of the eed concentrate. 

5.4.4.3 Ferric Chloride Leach Processes. 

Ferric chloride leach processes offer some advantages, e.g., the sulfur 
layer which generally forms on the surface of the copper sulfide minerals in 
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Figure 5.8.2 Flow Diagram for Production of Copper and Zinc from Sulphide 
Concentrates. 
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Figure 5.8.3 Anaconda Arbiter Plant - Block Flow Diagram. 
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these reactions does not passivate the reaction to the extent encountered in 
sulfate systems; ferric iron is a stronger oxidizing agent than oxygen so 
that high temperature, high pressure autoclaves are not necessary. The 
problems which generally arise in these processes are due to the corrosive 
nature of the leach solution to the equipment and the difficulty on copper 
recovery from a chloride leach liquor. 

Cyprus Process . ' This process has been developed by Cyprus Mine to 
replace the Cymet process. The plant envisaged at Bagdad, Arizona has a 
capacity of 75,000 tpy, and could reportedly be built for less than 50% of 
the cost of a conventional smelting and refining plant. Basically, the 
process can be described as four fundamental stages: 

1. Leaching of copper concentrate in a ferric-chloride solution to 
produce cuprous ions in solution. 

2. Precipitation of solid cuprous chloride by either vacuum or refri- 
geration techniques. 

3. Reduction of the cuprous chloride crystals with hydrogen in a fluid- 
bed reactor to metallic copper, in the form of copper pellets mixed 
with 8% sand. 

4. Removal of sand and impurities as slag by conventional smelting of 
the fluidbed reaction products and the casting of pure copper wirebar. 

CLEAR Process . ^ ' This process was developed by the Duval Corporation 
and is now being scaled up to a 32,500 tpy commercial operation in Arizona. 
The process recovers metallic copper from chalcopyrite and other copper- 
containing materials by ferric chloride oxidation to produce cupric chloride. 
The cupric chloride is reduced to cuprous chloride and copper is recovered by 
electrolysis. Ferric chloride is regenerated by oxidation, with a concurrent 
purge of iron, sulfate ions, and other impurities from the process solution. 

By combining the ferric chloride oxidation and the ferric chloride 
regeneration, an advantageous reduction in iron content of the process 
solution is effected, along with significant retardation of scaling. The 
desired chloride molal concentration is maintained by the addition to the 
process solution of sodium chloride, potassium chloride, and/or magnesium 
chloride. Potassium chloride is a preferred source of chloride ions as a 
means of purging substantially all sulfate ions from the process solution. 
The flow sheet of CLEAR process is presented in figure 5.8.4. 

5.4.4.4 Acid Leach Processes. 

(57) 
Sherritt-Corninco Copper Process . The process developed by Sherritt- 

Gordon and Cominco has been pilot plant tested at Fort Saskatchewan in Canada. 

It is designed to treat copper concentrate with a high content of pyrite, 

also to recover sulfur in elemental form. The process involves the following 

steps, see figure 5.8.5. 

1. Hydrogen thermal activation: Roasting is performed in hydrogen at 
750-780°C to decompose chalcopyrite and pyrite into sulfides more amenable 
to acid leaching. The reactions are, 

7cnor 1 

5CuFeS 2 + H 2 /3U > Cu g FeS 4 + 4FeS + H 2 S + ±S 2 [5.8.5] 
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Figure 5.8.4 Clear Process 
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Figure 5.8.5. The Sherritt-Cominco Copper Process— Simplified Block Flow 
Diagram. 
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7FeS 2 + H 2 750 ° C ' 7FeS + H 2 S + 3S 2 [5.8.6] 

2. Acid leach: Iron is then selectively leached at 60°-85°C with 
sulfuric acid. It is subsequently rejected as jarosite: 

acid leach, 

FeS + H 2 S0 4 -* FeS0 4 + H 2 [5.8.7] 

jarosite precipitation, 

6FeS0 4 +2NH 4 0H+lJo 2 +7H 2 160 ° C > 2NH 4 Fe 3 (S0 4 ) 2 (0H) 6 +2H 2 S0 4 [5.8.8] 

3. Activation leach: This leach is to ensure removal of the remaining 
iron and other impurities; also to activate some of the copper sulfides. The 
leaching is performed on the solid from stage 2 with CuS04 from the oxidation 
leach (stage 4) for one hour at 150°-160°C. The main reactions involved are, 

Cu 5 FeS 4 + CuS0 4 = 2Cu 2 S + 2CuS + FeS0 4 [5.8.9] 

CuFeS 2 + CuS0 4 = 2CuS + FeS0 4 [5.8.10] 

Zn + CuS0 4 = CuS + ZnS0 4 [5.8.11] 

4. Oxidation leach: The solid residue from the activation leach (stage 
3) is leached with sulfuric acid at about 95°-110°C under oxygen pressure. 
About 98-99% of the copper is dissolved, and subsequently recovered by electro- 
winning or by hydrogen reduction. 

The residue from the oxidation leach contains >98% of the silver and 
virtually all of the gold of the feed concentrate. These precious metals have 
been upgraded 50 to 100 fold and are recovered by subsequent treatment. 

Nitric-Sulfuric Leach Process . ' This process has been developed by 
E. I. DuPont de Nemours and Kennecott. The leaching reactions result in the 
following overall equation, 

6CuFeS 2 +10HN0 3 +10H 2 S0 4 = 6CuS0 4 +10N0+12S°+3Fe 2 3 +4S0 3 +9H 2 0+6H 2 [5.8.12] 

The process involves: leaching to dissolve 99% of copper in a 3-stage counter- 
current system with solid-liquid separation between each stage. The sulfuric 
acid has about 10% nitric acid added. The temperature is about 90°C. The 
leach stage is followed by a series of removal steps (nitric removal), iron 
removal and selenium removal). The copper is recovered by electrowinning. 

(59) 
Ferric Sulfate Leach . ' This proposed process involves extensive size 

reduction of the copper sulfide concentrate by attritor milling. The attrition- 
ground product (average particle size of 0.5 y) is leached at ambient pressure 
with a sulfuric acid-ferric sulfate solution at 90°C, 

CuFeS 2 + 2Fe 2 (S0 4 ) 3 = CuS0 4 + 5FeS0 4 + 2S° [5.8.13] 
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The copper is then separated from the leach liquor by solvent extraction and 
recovered from the strip solution by conventional electrolytic deposition. 
Ferric sulfate is regenerated and excess iron is removed by precipitation. 

5.4.5 Leaching of Other Sulfide Minerals. 

Hydrometallurgical processes to treat zinc sulfide, lead sulfide, 
molybdenum sulfide and other sulfide minerals have been studied quite extensively. 
Processing of zinc sulfide minerals is the most extensively developed and will 
be discussed here. Two processes are considered, i.e., the roast-leach or 
direct leach processes. 

5.4.5.1 Roast-Leach Process for Zinc Sulfide. 

The problem associated with the roast-leach process is that zinc ferrite 
(Zn0-Fe203) forms during the pyrometallurgical oxidation roasting stage. Zinc 
ferrite is insoluble in dilute acid or neutral solutions, but dissolves in 
strong hot acid solutions. However, when hot acid leach is used, a large 
amount of iron also dissolves and an additional step is required to remove it 
from solution. The iron removal step is usually accomplished either by the 
geothite process or by the jarosite(°°) process. The latter is more popular. 
Today there are more than ten zinc electrolytic plants that have adopted the 
jarosite process for iron removal. 

A simplified roast-leach- jarosite process is presented in figure 5.8.6. 
Some operation data from Outokumpu Zinc Plant in Kokkola, Finlandvol) will be 
used to describe this process. The process involves the following steps. 

1. Oxidation Roasting. Zinc concentrate containing about 503! Zn is 
roasted in a fluidized bed roastor at about 950°-1000°C. Sulfuric acid is 
produced from the flue gas. 

2. Neutral Leach. The calcine (from step 1) containing 59.2% Zn is 
neutral leached in two agitation vessels in series. A total retention time 
of 5 hours is needed at a temperature between 70° to 80°C. The pH of the 
slurry is regulated, i.e., in the first reactor, the pH is maintained at 4.5. 
The pregnant solution from this step contains 147 g/1 of Zn, 0.49 g/1 of Cu, 
0.35 g/1 of Cd, 0.03 g/1 Co and 0.03 g/1 of Fe. The solution must be 
purified before electrolysis. 

3. Hot Acid Leach. The residue from the neutral leach contains about 
27% Zn. It is further treated in four agitation vessels in series at 95°C 
with spent electrolyte. The final acid concentration is 50 to 60 g/1 H2SO4. 
The reactions involved in this step are, 

Me0-Fe 2 3 + 4H 2 S0 4 = MeS0 4 + Fe 2 (S0 4 ) 3 + 4H 2 [5.8.14] 

(Me being Zn, Cd, Cu, etc.) 

After the hot acid leach, the solution contains about 140 g/1 of Zn, and 

30 g/1 of Fe. Usually, the slurry is charged to the iron precipitation step 

(Jarosite Process) without solid-liquid separation. 
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Figure 5.8.6. Acid Leaching of Zinc Calcines with Jarosite Process. 
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4. Jarosite Process. The ferric iron in the hot acid leach solution is 
precipitated as a readily settling and filterable ammonium jarosite in a 
series of three reactors. The ammonium ion source is usually ammonium hydroxide 
The jarosite reaction is, 

3Fe 2 (S0 4 ) 3 +5Zn0+2NH 4 0H+5H 2 0=5ZnS0 4 +2NH 4 [Fe 3 (S0 4 ) 2 (0H) 6 ] [5.8.15] 

The calcine, ZnO, is used as a neutralizing agent. After a total retention 
time of about 6-7 hours, the concentration of iron in the solution is reduced 
to 2.2 g/1 . After a solid-liquid separation stage the solution is sent to the 
neutral leach step; the solid is sent to a land disposal area. 

5. Solution Purification. The pregnant solution from the neutral leach 
has to be purified prior to electrolysis. The impurities are removed by 
charging Zn powder to the solution. The impurities are precipitated according 
to the cementation reaction, 

Me 2+ + Zn = Me + Zn 2+ [5.8.16] 

(Me being Cu, Ni , Co, Cd, etc.) 

The purified solution contains 152 g/1 Zn, and only small amount of impurities: 
0.1 mg/1 Cu, <1.2 mg/1 Cd, 0.028 g/1 Fe, and 0.4 mg/1 Co. 

6. Electrolysis. The zinc content in the purified solution is electrowon. 
Inert anodes are made of lead containing 0.75% silver and the cathodes are 
aluminum. The cell is operated at a maximum current density of 660 amp/m 2 and 
current efficiency of 90%. The purity of the zinc cathode is 99.995%. 

5.4.5.2 Direct Leaching of Zinc Sulfide. 

Sherritt Gordon Ltd. has developed an ammonia oxidation leach to recover 
zinc metal from copper-zinc concentrates from their Bagacay and Si pal ay Mines 
in the Philippines. A great deal of attention has also been given to the use 
of an acid pressure leach system which results in a recovery of elemental 
sulfur rather than sulfuric acid or ammonium sulfate. Elemental sulfur is 
easier to store, easier to handle and can be readily converted into other 
compounds. Cominco Ltd. has announced the start of construction of the world's 
first commercial -scale zinc pressure leach plant at Trail, British Columbia, 
Canada. Operation will begin in the spring of 1981. The pressure leach plant 
will produce 70,000 tons of zinc annually. 

The pressure leaching technology, as announced, was developed jointly 

by Cominco and Sherritt-Gordon in 1977 at a pilot-plant project at Fort Saskatch- 
ewan, Alberta. Zinc concentrates will be reacted with sulfuric acid and oxygen 
at high temperature and pressure to dissolve the zinc and produce elemental 
sulfur. With the sulfur removed, the remaining zinc-rich slurry will be pumped 
to the sulfide leaching plant, where it will join the main flow from a conven- 
tional roast-leaching operation. 

Several researchers have studied the fundamental aspect of acid pressure 
oxidation of zinc sulfide. (62) Ferric ions appear to be important as oxygen 
carriers. The reactions, of interest, are, 
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ZnS + H 2 S0 4 = ZnS0 4 + H 2 S [5.8.17] 

Fe 2 (S0 4 ) 3 + H 2 S = 2FeS0 4 + H 2 S0 4 + S° [5.8.18] 

2Fe(S0 4 ) + H 2 S0 4 + ^ = Fe 2 (S0 4 ) 3 + H 2 [5.8.19] 

The overall leaching reaction is 

ZnS + H 2 S0 4 + ]o 2 = ZnS0 4 + S° + H 2 [5.8.20] 

The ferrous sulfate can be produced by pressure oxidation of iron sulfides 
present in the zinc concentrates, according to the reaction 



FeS 



+ H 2 S0 4 + 2° 2 = FeS0 4 + s ° + H 2° [5.8.21] 



and towards the end of the reaction, when nearly all the sulfuric acid has been 
reacted with zinc sulfide, the iron hydrolyses and precipitates as a mixture of 
ferric oxide and basic ferric sulfate. 

Scott and Dyson* ' have studied the influence of catalytic agents on the 
oxidation of ZnS under pressure leaching conditions at 113°C in dilute sulfuric 
acid, i.e., 250 psi oxygen. Pronounced catalytic activity was found for copper, 
bismuth, ruthenium, molybdenum, and iron in order of decreasing effectiveness. 
To account for the activation effect, it was suggested that catalyst ions 
displace zinc from the surface layers of the solid, thereby making it electri- 
cally conducting. Under such conditions, zinc would be dissolved by a galvanic 
mechanism. 

Anodic reaction: ZnS = Zn + S° + 2e [5.8.22] 

Cathodic reaction: 2 + 4H + + 4e = 2H 2 [5.8.23] 

The authors further suggested that the metals copper, bismuth, and so forth, 
must also catalyze the cathodic reaction of oxygen (Equation [5.8.22]) at 
active sites on the crystal surface. 
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Hydrometallurgy Solvent Extraction 

LEARNING ACTIVITY 1 

6.1 Solvent Extraction 

Learning Activity Objective 

After completing your study of this learning activity material you should 
be able to describe solvent extraction reaction types and be able to character- 
ize the main features of the extraction process. 

6.1.1 Introduction 



The phenomenon of the partition of a particular component between an 
aqueous and organic phase was reported as early as 1842 by Pergot. 

Although this technique of concentrating and separating a given component 
from an aqueous phase has been used extensively by analytical chemists during 
the early part of the 20th century, it was not until the 1950 's that solvent 
extraction was used on an industrial scale in hydrometallurgy. The large scale 
development of solvent extraction technology in the processing of natural 
resources was initiated by the uranium boom for the development of nuclear 
weapons and as a potential energy source. Since that time the use of S-X has 
expanded. A large number of hydrometallurgical processes use solvent extraction 
in processing of natural resources as shown in Table 6.1.1. 

The basis for the separation is the use of a recycled organic phase which 
acts as the exchange media to affect the selective partition of a given compon- 
ent. The component is selectively transferred to the organic phase during 
extraction and then released in a concentrated, purified solution during stripping. 

Extraction Stripping 
Aqueous Phase 



impure, dilute ^ / \ ^- purified, concentrated 




aqueous phase -^ \ J -^ aqueous phase 

Organic Phase 



A number of different reactors are available to accomplish the solvent 
extraction reaction but the most common in the mineral industry is a mixer- 
settler unit as shown in Figure 6.1.1. In essence the unit consists of a 
stirred tank reactor coupled to a settling tank to allow for phase disengage- 
ment. Generally the reaction rates are rapid and a number of stages of mixer- 
settler units are used in countercurrent flow to achieve the desired extent of 
reaction. 
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Figure 6.1.1 Mixer Settler. 
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The key to the success of the separation is the nature of the organic 
phase and whether a specific selective chemical interaction can be achieved 
with a particular component in the aqueous phase. Notice, that this must be 
a reversible reaction; a unique and important feature of solvent extraction 
systems. Frequently, for a particular S-X system, the following components 
of the organic phase can be identified: 

{aliphatic (kerosene) 

a. Carrier, or diluent - inert compound {aromatic (rykue) 

{napthenic (napthene) 

This component of the organic phase can affect the quality of 
the separation due to chemical effects (activity considerations 
and solvation) and physical effects (phase disengagement). 

b. Extractant - The reactant, a compound containing a functional group 

that is capable of chemically reacting with a particular species 
in the aqueous phase. 

Solvent extraction reaction systems can be conveniently categorized 
according to three different reaction types based on the type of bonds involved 
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in the reaction. The first reaction type is solvation which involves transfer 
of neutral molecular species from the aqueous phase to the organic phase. In 
this case simple solubility considerations govern the extent of extraction, 
i.e., displacement of coordinated water molecules by solvent molecule. The 
following systems would be included in this category; e.g., 

- nobium separation from tantalum and zirconium separation from hafnium 
by methyl isobutyl ketone (MIBK) 



CH 3 -C-CH 2 CH(CH 3 ) 2 

- uranium and thorium extraction by tributyl phosphate (TBP) 



^X R=c 4 h 9 

RO OR 



The second reaction type is the exchange reaction which involves the 

formation of more specific bonds between an extractive and an aqueous species, 

This chemical reaction can be thought of as simply the formation of an 

organic salt compound from an acid base or other salt. The extractants 

encountered in this category will be discussed later. The following systems 
are representative of the exchange reaction, e.g., 

- beryllium extraction with the cationic extractant di-ethylhexy 
phosphoric acid (DEHPA) 

„ P . R ■ CH 3 -(CH 2 ) 3 -CH-CH 2 - 



RO OH 



C^i 



The beryllium cation exchanges with the hydrogen atom of the acid to 
form the organic salt compound which is soluble in the carrier. 

- vanadium extraction with an anionic extractant tertiary amine chloride 
(R3NHCI) 

R N /R 

^ R= C 8~ C IO 

R HCI 

The vanadium anion exchanges with the chloride ion. 
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The third reaction type, chelation , involves the formation of even 
stronger and more specific chemical bonds and in essence is an exchange 
reaction. The term chelation comes from the Greek word for crab's claw which 
is an accurate description for it is convenient in these reactions to think 
of the extractant as pinching the extracted aqueous species forming a closed 
ring structure which lends stability to the extracted species. These extract- 
ants have been used by analytical chemists to make specific analytical 
separations for a number of years and in the 1960's were developed to be used 
on an industrial scale in hydrometallurgical processes. An excellent example 
is the use of oxine-type molecules; 

--copper extraction with oxide (hydroxyquinoline) - Kelex 100 



R« -CH-CH=CH 2 




C 9 H .9 



The exchangeable hydrogen atom of the oxine is released and the copper salt 
that forms is soluble in the appropriate carrier dilution stabilized by the 
following 6-membered structure: 




stabilizing 6-mernber 
ring structure 



6.1.2 Characterization of Extraction Reaction. 

The effectiveness of a particular solvent extraction reaction can be 
described in several different ways. Generally the effectiveness of a particu- 
lar system is determined from pseudo-equilibrium measurements (shake-out tests) 
made with a separatory funnel. From these measurements the following parameters 
and functions are used to characterize the solvent extraction reaction. 

1. Distribution Coefficient (D) - sometimes referred to as the partition 
coefficient. The distribution coefficient is the ratio of the concentra- 
tion of species i in the organic phase divided by the concentration of 
species i in the aqueous phase. Sometimes this is distinguished from the 
extraction coefficient though generally in hydrometallurgy they are used 
interchangeably. 
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2. Extraction Coefficient (E) - The extraction coefficient is defined as 
the total concentration of an element in the organic phase divided by the 
total concentration of the element in the aqueous phase. In a formal 
sense the difference between extraction and distribution coefficient would 
be that the extraction coefficient considers all species in either phase 
which contain the element in question. Clearly from an engineering stand- 
point we are most interested in considering all species of a given element 
whatever the coefficient is called. 

As should be expected, this experimentally determined coefficient is 
related to the equilibrium constant for the extraction reaction. For a 
simple reaction of a metal ion, M ++ ,with an acid extraction 

M++ (a,) + 2RH (org) * R 2 H (org) + 2H+ »•*•« 

the mass action expression is 

K ■ ("*> 2 (*?M) [6.1.2] 

(M ++ )(RH) 2 

or assuming no other species in the system the extraction coefficient would 
be 

E = [^] 2 K [6.1.3] 

H 

3. Selectivity Index (Sg) - The selectivity index is used to describe the 
extent to which a favorable extraction can be achieved. The selectivity 
index is the ratio of extraction coefficients for two different elements 
achieved in a single shake-out test involving both elements 

A F A 

4. Percent Extracted - The percent extraction represents the fraction of 
an element present in the feed solution which has been extracted upon 
contact with an organic phase. 

5. Extraction Isotherm - The extraction isotherm is probably the most 
significant method of characterizing the solvent extraction system. 
Basically the extraction isotherm is a plot of the concentration of the 
specified element in the organic phase vs. the concentration of that 
element in the aqueous phase, figure 6.1.2. Some aspects of the plot 
are of importance. First of all, how is the isotherm determined experi- 
mentally? Naturally the concentrations in each phase must be measured, 
typically by atomic absorption. Experimentally, the following techniques 
are used. Technique (b) is frequently preferred. 

a. vary the concentration of the element in the aqueous feed 
(this doesn't represent a real system), 
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Figure 6.1.2 Extraction Isotherm (Schematic). 
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b. vary the phase ratio (A/0), i.e., a fixed aqueous feed 
composition is used, 

c. repeated contacts with fresh organic. The aqueous feed 
composition is fixed. 

The normal shape of an extraction isotherm is characterized by a rapidly 
rising curve (the greater the slope, the greater the specificity. The extrac- 
tion coefficient is the slope at any point on the curve) which reaches a 
plateau at higher concentrations in the aqueous phase where the capacity of 
the extractant has been exhausted. This plateau level is referred to as the 
point of maximum loading where the reaction has essentially been driven to 
completion. 

Deviations from the normal isotherm (such as the S-type isotherm) may 
result from the fact that sufficient time for equilibriation has not been 
allowed. This situation can arise from slow complexation reactions in the 
aqueous phase or from slow inter and intra-molecular bonding reactions in the 
organic phase, figure 6.1.3. 

This S-type isotherm is sometimes encountered due to slow complexation 
reactions, e.g., vanadium extracted by amines. The complex oxyanion that 
forms and the rate at which it forms is dependent on pH. 

2V0 4 " 3 + 2H + * V 2 7 + H 2 [6.1.5] 

2V 2 7 " 4 + 4H + ■* V 4 12 " 4 + 2H 2 [6.1.6] 

5V 4 12 " 4 + 8H + -y 2V 10 28 " 6 + 4H 2 [6.1.7] 

Other deviations in the extraction isotherm can be due to interactions in the 
organic phase. In the case of extraction with concentrated alky! phosphoric 
acids, the extent of reaction can be inhibited due to the formation of 
polynierie species. For example, the dihydrate dimer has been identified and 
its stability can influence the equilibrium position of the system. 



RO ^O'^O^O .OR 

RO- P ^o^;o^,o- p -or 



Finally, in principle the isotherm could go through a maximum; an effect 
which may arise due to an insufficient concentration of liquid to complex a 
particular metal. This is to say that at higher metal ion concentrations in 
the aqueous phase and when an anionic complex is extracted, there may not 
be enough of the anionic liquid to form the appropriate anionic complex and 
allow complete extraction. The effect is depicted schematically in figure 
6.1.4. 
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Figure 6.1.3 S-Type Isotherm. 
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Figure 6.1.4 Influence of Decreasing Ligand Concentration, 
Schematic. 
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LEARNING ACTIVITY 2 

6.1.3 Extractive Chemistry 
Learning Activity Objective 

After completing this learning activity you should be able to describe 
the fundamental chemistry about the commonly used solvent extractant. 



Organic solutions differ significantly from aqueous solutions in that 
there is little, if any, ionization and the solute is present as neutral 
molecular species. Solute-solute and solute-solvent interactions arise 
primarily due to hydrogen bonds. 

Cationic Extractants 

Cationic extractants are generally in the acid form and exchange their 
hydrogen atom for a particular cation. As would be expected, then, the 
strength of the acid group is an important consideration in the evaluation 
of the effectiveness of a particular extractant for a given system. 

For simple organic acids, the acidity, or extent of extraction, can 
be controlled and predicted by substituents on the extractant molecule. 
As the substituents become more electronegative, the extractant becomes 
a stronger acid due to electron derealization. Common cationic extractants 
are presented in Table 6.2.1. 

Carboxylic Acids . Carboxylic acids which are characterized by the 
carboxylate group (COOH) have limited use as extractants in the hydro- 
metallurgical processing of natural resources. 

The two commercially available extractants are the cyclic napthenic 
acid and the branched chain versatic acid. In the simplest case, extraction 
of a divalent metal ion can be represented by 

^org + M+ aq ^org + 2H aq £6.2.1] 



As seen from this equation the extraction is a function of pH. The 
pH of effective extractions can be varied by controlling the substitional 
group used. 

Although carboxylic acids are much less expensive than phosphoric 
acid extractions (1/5 the cost) and chelating extractants (1/10 the cost), 
they are of limited use. One reason is that they exhibit a rather high 
solubility especially at higher pH values. For example the solubility of 
napthenic acid at pH 4 is 0.09 gpl and increases to 0.9 gpl at pH 6.5. 
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The solution of versatic acid varies from 0.07 gpl to 0.25 gpl . Of course 
this solubility represents lost extractant which is not recycled and adds 
substantially to the operating cost. 

Alkyl Phosphoric Acid Extractants . The monobasic dialkyl phosphoric 
acid extractants frequently form dimers in the organic phase and the 
reaction can be written 



M n+ + nH 2 X 2 ♦ M(X-HX)° + nH + 
The most common extractant is DEHPA 



n 



RO 







RO"" % OH 



R = CH 3 -(CH 2 )3-CH-CH 2 - 
<&5 






Dimerization is effected via strong intermolecular hydrogen bonding 



; 



RO 0^ OR 
RO" ^0^ 0" ^OR 



or 



Ro^o'^o^o 

ro^ s o' Hn o 



>- K 



OR 
OR 



Undiluted systems frequently exhibit an acid to water molecules of unity 
and a dimer structure has been proposed which unaffectedly accounts for 
the means by which water is dissolved in the organic phase. 

Polar organic modifier such as alcohols can be added to prevent the 
formation of the dimer. It appears that with these extractants a pseudo 
chelate structure may form, however the stability is not as great as 
would be expected for an 8 member ring. 
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Table 6.2.1. Common Cationic Extractions. 
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Chelation Extractants 

A number of chelating extractants are now available for use in 
hydrometallurgical systems. The use of this type of extractant began 
in the 1960's when the LIX extractants for copper were introduced by 
General Mills. Since that time many new extractants have been developed. 
Currently available extractants in the acid form are listed in Table 
6.2.2. Basically, the following types of chelating extractants are being 
used: 

hydroxyoximes 

oxines (hydroxyquinol ine) 

S di ketones 

In each case the distinguishing feature of the chelating extractants is 
the high selectivity for a specific ion which arises from the strong 
stability of the ring structure of the chelate complex. 

Commercial hydroxyoximes were first marketed by General Mills in 1965. 
The first copper extraction plant was the Bluebird plant constructed in 
1968. Since that time many plants have been installed. Most recently 
N'Changa Consolidated Copper Company has built a plant capable of pro- 
cessing 14,000 gpm at Chingola, Zambia. The size of this plant alone 
represents an area equivalent to three football fields. 

The stability of LIX type extractants is dependent on temperature, 
oxidation potential and acidity. Extended use of these extractants as 
any other extractant results in their degration - they wear out. Table 
6.2.3 shows the effect of temperature on the half life of both the a- 
hydroxyoxime and the 6 hydroxyoxime. 

Anionic Extractants 

Anion exchange processes are analogous to resin ion exchangers. The 
extraction process can be described simply as: 



B n " + nR 4 N + A" = (R 4 N + ) n B n " + nA~ [6.2.2] 

where B is an n- valent anion, R4N is an alkyl ammonium cation, and 
R is alkyl chains or hydrogen. The barred species are present in the 
organic phase. 

This reaction is an oversimplification of the extraction reaction 
occurring in many systems but actual descriptions are beyond the scope 
of this course. 

The industrially important anionic extractants are limited to the 
amine extractants as listed in Table 6.2.4. The primary amine which 
acts as a weak base is rather soluble in the aqueous phase and has limited 
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Table 6.2.2. Common Chelating Extractants, 
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application, while the tertiary and quaternary amines act as stong bases 
and are frequently used in solvent extraction systems. Amine extractants 
are used in the processing of uranium, vanadium, rhenium, cobalt, and 
nickel. These compounds extract complex metallic anions, i.e., 

a) Oxyanions: 

vandates 
rhenates 

b) Complex anions: 

sulfates U0 2 (S04) 2 
chlorides CoCl. = 



Table 6.2.3. Effect of Temperature on Life Terms. 

Organic Phase: 5% LIX 65N, 2% LIX 63, n Napoleon 470 
Aqueous Phase: 20 g/1 Cu, 150 g/1 H 2 S0 4 

It should be noted that this mixture of LIX 65N and LIX 63 is not meant 
to be typical of commercial LIX 64N material. 

Temperature Half Life of LIX 63 Half Life of LIX 65N 

82°C 78 days 280 days 

(0.87%/day) (0.25%/day) 

55°C 300 days 1 ,000 days 

(0.22%/day) (0.064%/day) 

30°C 1,100 days Over 4,500 days 

(0.06%/day) % too small to measure 



Solvating Extractant 

The main reaction of extraction by solvation involves the transfer 
of a neutral metal salt or metal complex from the aqueous to the organic 
phase by solvation of the metal ion. The reaction can be represented as 



(MA)(H 2 0) m + nS = MA(H 2 0) m _ n (S) n + nH 2 

where (MA)(H 2 0) m is the hydrated neutral ion pair and S is the extractant. 
Such solution agents can be alcohols, ethers, esters, ketones, or phos- 
phorous-containing compounds such as trialkyl phosphates and trial kyl 
phosphine oxides. The common used solvating extractants are listed in 
Table 6.2.5. 
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Table 6.2.4. Anionic Extractants. 
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LEARNING ACTIVITY 3 



6.3.1 Solvent Extraction Systems 

Learning Activity Objectives 

After completing your study of this learning activity material you 
should be able to discuss the importance of solvent extraction; the im- 
portant control parameters; the type of equipment used in industrial prac- 
tice; and be able to describe examples of the application of solvent 
extraction to commercial processes. 

The material in this learning activity is a condensed version of a 
published article by John 0. Golden. It is quoted from the article by 
written permission. 

Essentially, liquid-liquid extraction as usually applied in the 
minerals industry involves two basic steps (Figure 6.3.1). 

(1) extraction 

(2) stripping 




Figure 6.3.1 . 



Extraction-stripping process for mineral separations 
applications. 
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In the first step, an aqueous feed solution containing the species 
of interest (solute) is contacted with a solvent. The solute is trans- 
ferred to the solvent phase thus effecting a separation from other 
species left in the raffinate. After the solute is extracted, it must 
then be recovered from the organic phase by a stripping operation. In 
the stripping process, the solute is transferred to an aqueous phase after 
which it can be taken to additional steps for further processing and 
recovery. 

Liquid-liquid extraction analysis techniques have existed for simple 
systems in the chemical engineering literature for many years. References, 
such as Treybal (1963), Smith (1963), Brown (1950), and McCabe and Smith 
(1956), offer good treatments of analysis techniques, types of equipment, 
and process technology. However, the difficulty in applying much of this 
information to the mineral industry resides in the fact that usually the 
liquid-liquid systems found in the mineral industries are very complex, 
quite often involving reacting systems and a large number of species, 
rather than the ternary system found in most of the texts. The references, 
however, do offer excellent treatments and are recommended as starting 
points in understanding solvent extraction technology. 

At this point, it may be well to summarize the process development 
considerations that may be encountered when evaluating solvent extraction 
as a potential separation technique. In outline form, the following points 
should be considered when evaluating a new separations problem: 

(1) solvent selection 

(2) determination of equilibrium data 

(3) simulated column analysis 

4) process evaluation using analysis techniques 

5) pilot plant evaluation 

(6) process scale-up 

(7) process economics 

The above points are not necessarily in their chronological order of 
consideration nor would all have to be considered for a particular problem. 
They are, however, worthy of consideration when laying out a process 
development schedule for a potential SX application. 






SOLVENT SELECTION 

Many authors have discussed the problem of solvent selection in 
liquid-liquid extraction. Treybal (1963) lists the following points for 
consideration when selecting a solvent for a particular application: 

(1) solvent selectivity: the solvent should have the ability to 
extract one component of solution in preference to another. 

(2) distribution coefficient: this parameter is related to 
selectivity and by definition is the ratio of the concen- 
tration of one solute in the solvent-rich phase to the con- 
centration in the raffinate-rich phase. The larger the dis- 
tribution coefficient, the easier the separation. 
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(3) capacity: the solvent should have the ability to dis- 
solve a large amount of the solute, otherwise large quantities 
of solvent may be required. 

(4) solvent solubility: the solvent, if organic, should have 
a high degree of insolubility in the aqueous phase. 

(5) recoverability: the solvent must be easily recovered from 
the solute for recycle purposes. 

(6) density: the density difference between the contacted 
phases should be as great as possible for ease of phase 
separation. 

(7) interfacial tension: the interfacial tension between the 
immiscible phases should be as high as possible for rapid 
coalescence. 

(8) chemical reactivity: this point must be considered in terms 
of extraneous reactions and also in terms of enhancing the 
extraction process, particularly in many metals systems. 

(9) corrosiveness: ideally, the solvent should cause no serious 
corrosion with common materials of construction. 

(10) viscosity: a low viscosity is desired for ease of solution 
handling. 

(11) vapor pressure: usually, a low vapor pressure is desired so 
that extraction operations are possible at reasonable pres- 
sures, and solvent losses are minimized. 

(12) flammability and toxicity should be low. 

(13) cost: the solvent should be as inexpensive as possible and 
readily available. 

One rarely encounters an optimum combination of the above properties 
and usually, particularly in the mineral industries, a compromise among 
properties is necessary. 

Many authors have dealt specifically with the problem of solvent 
selection for metals applications. Hazen (1963) lists two types of 
solvent extraction systems. The first is termed "liquid ion exchange" 
because of its similarity to ion exchange processes using solid resins. 
In this process a small quantity of an active component is dissolved 
in a second organic (diluent) which serves as a carrier for the active 
component. The solute is extracted by reactint chemically with the 
active organic component. An example of this type of liquid solvent 
extraction is the extraction of uranium by amines. 
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The second type of extraction system involves simply solubility 
considerations. The total organic phase operates as a solvent for the 
solute with no chemical reaction taking place. This system is commonly 
found in the petroleum industry and, to a lesser extent, in a number of 
metallurgical systems. 

Additives or modifiers are often added to the solvent system to im- 
prove the chemical or physical characteristics. Some of the major pur- 
poses of such modifiers are: 

(1) to increase the rate of phase separation; 

(2) to increase the solubility of the loaded organic in the 
carrier; 

(3) to prevent cation exchanger loss to the aqueous phase during 
alkaline stripping. 

The usual modifiers are neutral materials, such as alcohols (for example, 
isodecanol), tributyl phosphate, or a phosphonate. 

In some cases a synergistic agent may be added; such materials ap- 
parently interact with the metallic species to form complexes which are 
then more readily taken up by the solvent system. These materials are 
not normally called additives, but are considered an integral part of 
the extractant combination. The first example of synergism was noted 
in the extraction of uranium with di-2-ethylhexyl phosphoric acid, when 
it was found that the extraction was enhanced by addition of a neutral 
organophosphorus compound, such as a phosphine oxide. Many other examples 
of synergism have since been reported, such as the combination of a beta- 
diketone with tributyl phosphate or trioctyl phosphine oxide. 

Although the selection of a solvent for a particular application 
is not simple, the ability to tailor or modify a solvent for a particular 
application is one of the advantages offered by liquid extraction over 
other separation techniques. Considerable technical effort has been 
expended in evaluating solvent systems, and effort will continue in this 
phase of solvent extraction research for years to come. Substantial 
advances have been made in understanding solvent systems and solvent 
chemistry during the last 10 years. However, we cannot as yet predict 
from theoretical considerations the best solvent for a particular appli- 
cation. Solvent selection usually ends in bench-scale laboratory evalu- 
ation. Some of the more widely known solvents and their trade names 
have been summarized by Zakarias and Cahalan (1966), and are presented 
in Table 2. Sample SX were shown previously in Table 6.3.1. 

ANALYSIS TECHNIQUES 

Although the techniques for analyzing extraction problems involving 
ternary systems are covered in the texts mentioned previously, they have 
found limited application for metallurgical systems. Usually, a metal- 
lurgical separation involves many components and the chemistry of the 

6.3.4 



Table 6.3.1. Solvents for Liquid-liquid Extraction. 

AMINES: 

Primary Primene * 

Secondary Amberlite * 

Tertiary Alamines * 

Quaternary ammonium Aliquats * 

ORGANOPHOSPHATES: 

Tri-n-butyl phosphate (TBP) 

Trioctyl phosphine oxide (TOPO) 

Triphenyl phosphate (TPP) 

Tetrabutyl ethyl enedi phosphonate (TBEDP) 

Dodecyl phosphoric acid (DDPA) 

Dialkyl phosphoric acids (DAPA, D2EHPA) 

CARBOXYLIC ACIDS: 

Branched chain carboxylic acids Versatic Acids * 

OXIMES: 

LIX-63 * An al pha-hydroxyoxime 

LIX-64 * A substituted 2-hydroxy benzophenoxime 

KETONES: 

Methyl isobutyl ketone (MIBK) 

SULFONIC ACIDS: 

Dinonyl naphthalene sulfonic acid 

* Names are registered trademarks. 
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extraction system may be quite complex, thus negating a simple tri- 
angular diagram analysis. 

Usually after determining that an extraction system will work for 
a particular application, the next questions to be answered are: 

(1) How many equilibrium stages or contact units are required 
to effect the separation? 

(2) What should be the solvent and feed flow rates? 

(3) What should be the process temperature and pressure? 

Since the above parameters are interrelated, either an analysis technique 
or experimental evaluation is necessary to answer the above questions. 

The technique that has found the widest use for minerals separations 
is the McCabe-Thiele procedure. A sample diagram is shown in Figure 
6.3.2. If distribution data are available as a function of concentration 
for a fixed pressure and temperature, the equilibrium curve can be deter- 
mined. If sufficient information is available concerning feed, solvent 
and exit stream compositions, and flow rates, the operating line can be 
fixed on the diagram. By stepping off stages, one can then determine 
the number of contact units required. 



Figure 6.3.2. Sample McCabe-Thiele Diagram for SX Analysis. 
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Providing the assumptions necessary to apply the technique are approxi- 
mately satisfied and sufficient equilibrium data are available, one can in 
principle evaluate the effects of flowrate, feed composition, and number of 
stages without pilot plant data. However, usually the equilibrium data 
are not available and this information must be determined from bench-scale 
equilibrium studies prior to system analysis. 

LABORATORY DATA 

Perhaps the most powerful tool for evaluation of solvent extraction 
as a separation technique, and the one that has been used most extensively 
in industry, is that of laboratory shake-out data. Very simply, a solvent 
system is added to a separatory funnel along with the appropriate feed 
solution and the two-phase liquid system is mixed until equilibrium is 
achieved. After allowing the phases to separate, each phase is then 
analyzed for solute composition. With this approach, one can determine 
the potential of the solvent for extracting the desired solute. From these 
data, the distribution coefficient can be evaluated along with the identi- 
fication of process problems, such as emulsion formation, interfacial scum 
formation, and the rate at which the phases coalesce. 

After identification of the correct solvent system, continuous counter- 
current operation can be simulated where the actual feed and solvent flow 
rates are evaluated along with the specified number of stages. Essentially, 
this technique involves simulating actual mixer-settler operating conditions 
with laboratory batch shake-out data. Treybal (1963) gives a rather com- 
prehensive treatment of this technique and the details will not be pre- 
sented here. This form of analysis has the advantage of yielding process 
information on continuous countercurrent extraction operation without 
having to build a pilot plant or develop a bench-scale extraction set-up. 
Thus, the engineer can explore the effect of process variables with batch 
extractions in glassware. Quite often, this may be a valuable process 
development step prior to pilot plant tests. 

PROCESS METHODS 

Some of the processing methods which may be used for liquid-liquid 
extraction separation problems are presented in the following discussion. 

Batch Contact 

Batch contact processing is the simplest form of contact available. 
Simply, the feed solution and solvent are mixes in a batch operation and 
the phases allowed to coalesce, after which they are separated. It has 
the disadvantages inherent in a batch operation as opposed to continuous 
operation. With this contact, the maximum separation that can be ob- 
tained is equilibrium between the feed and solvent streams, thus yielding 
one equilibrium stage. 
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Single Contact Continuous 

The single contact technique involves one contact unit with con- 
tinuous feed and solvent flows. In principle, equilibrium is achieved 
between the feed and solvent streams, thus yielding one equilibrium 
stage. After mixing, the two phases are allowed to pass to another part 
of the process unit where they settle and then separate. 

Crosscurrent Contact 

The crosscurrent contact method is an extension of single contact 
extraction where the raffinate from the first stage is contacted with 
fresh solvent, thus removing more and more solute. This processing method 
has the obvious disadvantages of batch contact and has not received a 
great deal of attention in the mineral industries. 

Continuous Countercurrent Contact 

The continuous countercurrent contact method is used for difficult 
separations where a large number of equilibrium stages are required, or 
may involve only a few equilibrium stages where the separation is rela- 
tively easy. A series of mixer-settler units (single contact) may be 
placed in series to achieve this method of contact or the solvent and 
feed may be fed to a single column, such as a pulse or Scheible column. 
This method of operation has received extensive application in the mineral 
industries. There are many applications where mixer-settlers in series 
have been used and a substantial number where column operation has been 
attempted with varying degrees of success. 

PROCESS EQUIPMENT 

There are many kinds of process equipment that have been evaluated 
and used in the mineral industries. Only samples of the more common 
types will be presented here. A mixer-settler unit, probably the most 
extensively used piece of equipment in the mineral industries, is shown 
in Figure 6.3.3. 

A diagram of a Podbielniak Extractor, a centrifugal contactor which 
has found application in uranium recovery, is shown in Figure 6.3.4. 
Traybal (1963) discusses the advantages of this type of extractor. Essen- 
tially, this unit has the advantage of permitting high fluid velocities 
with small extractor volumes. The small extractor volume with high flow 
rates permits space savings, lower inventories of solvent, and rapid 
achievement of steady state. An additional advantage of the Podbielniak 
unit is that the closed system permits the use of a low flash point diluent 
or solvent without presenting an unusual fire hazard. The major advantage 
for the unit, however, is that entrainment of one liquid phase within 
another is minimized. This contactor has the disadvantage of higher 
initial and maintenance costs when compared to mixer-settler units. 
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Figure 6.3.3. Mixer- Settler. 
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The pulse column has been used successfully for the extraction of 
metals from the radioactive solutions of atomic energy operations. Van 
Dijck (1935) developed the general principles involved with this type 
of extractor. The essential feature is that a hydraulic pulse of short 
amplitude is applied to the liquids within the column. The essential 
feature is that a hydraulic pulse of short amplitude is applied to the 
liquids within the column. The pulsing action results in the dispersion 
of the two liquid phases through perforated plates within the column, 
thus providing mixing and agitation. This column has been used for dif- 
ficult separations where a large number of stages is required within a 
reasonably short column. The power requirements for this form of oper- 
ation must be considered when evaluating the potential of a pulse column. 

There are many other column types that have been used in the solvent 
extraction field (particularly in the petroleum, pharmaceutical, and 
chemical process industries). The reader is referred to reviews by 
Akell (1966), Hanson (1968), and Treybal (1963) for discussion of other 
processing equipment. 

APPLICATIONS IN THE MINERAL INDUSTRY 

In view of the wealth of published information on a number of appli- 
cations and also the large number of situations where SX has been con- 
sidered or successfully applied in minerals processing, it will be impossible 
to discuss all of the available literature. Instead, sample applications 
will be listed with brief process information and some indication of the 
degree of success for the commercial processes. A number of the processes 
and applications are proprietary, and so discussion in these areas will 
not be current. 



Commercial Applications 

Uranium 

The processing of uranium with SX pointed the way for other successful 
commercial applications in the minerals industry and a great deal of in- 
formation has been published on solvent extraction technology as applied 
to the processing of uranium. Merritt (1969, 1971) provides an excellent 
summary of much of the work and these references are recommended for more 
detailed discussion of processing technology. 

Merritt (1969) reported that solvent extraction at present is used 
in most of the uranium processing plants in the United States and also 
in a number of acid leaching plants in other countries. In the same 
reference, a simplified flow sheet was presented for the extraction of 
uranium from ores (Figure 6.3.5). Not all of the steps will be required 
for some ores; however, the processing scheme does show the reader where 
solvent extraction is applied as a purification step after the leaching 
operation. Up to 1969, SX had not been adapted to the processing of al- 
kaline leach liquors but had been used extensively with acid leach 
solutions. 
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Figure 6.3.5. Extraction of Uranium from Ores. 
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In acid leach solutions, uranium is found both as an anionic com- 
plex, chiefly [UO^SO^o]"^, and as a cation, U02 + 2. Consequently, 
either an anionic or cationic type of liquid ion exchange system may be 
used to separate uranium from acid leach solutions. Cationic extractants 
include: 

DDPA -- monododecyl phosphoric acid 
EHPA -- di-2-ethylhexyl phosphoric acid 
HDPA — heptadecyl phosphoric acid 
OPPA — dialkyl pyrophosphoric acid 

Anionic solvents include: 

secondary amines with aliphatic side chains 
high molecular weight tri-alkyl tertiary amines 
quaternary ammonium compounds 

In general, the solvent is dissolved in a low-cost carrier (diluent), 
such as kerosine containing a TBP modifier or a long chain alcohol to 
avoid formation of an additional liquid phase and to aid solubility of the 
extractant. Solvent losses, including diluent and modifier, may occur by 
entrainment in the aqueous phase, by evaporation, or by chemical breakdown. 
Merritt (1969) reports that amine and phosphate solvents in commercial use 
show losses in the range of 0.2 to 0.25 gallon of organic phase per 1000 
gallons of solution contacted. 

The uranium can be effectively stripped from an amine solvent phase 
by using a number of stripping agents, such as nitrates, chlorides, sul- 
fates, carbonates, hydroxides, and acids. The chlorides are most frequently 
selected on the basis of cost and effectiveness. Sodium carbonate is 
usually used to strip the uranium from phosphoric acid solvents. 

Merritt (1969) reported that amine solvent extraction (designated 
the AMEX process) is being used in seven out of ten operating mills in 
the United States. Three of the plants used this technique in conjunction 
with resin ion exchange and this process is called the "Eluex process." 
The Dapex process (phosphate solvent extraction) is being used in three 
mills. Usually, kerosine is the diluent and TBP is added as a modifier/ 

Mixer-settlers have been the primary equipment used in uranium ex- 
traction and have the advantage of low cost, ease of operation, and ease 
of maintenance. 



Copper 

Another example of the successful application of solvent extraction 
in metallurgical processing is in the recovery of copper. In 1964, 
General Mills developed LIX-64 (trade-mark registered) which was a selec- 
tive reagent for solvent extraction of copper ions from acid solution 
(Ager 1965). Since then, an improved reagent, LIX-65N, has been developed 
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which is capable of being used at higher organic phase concentrations owing 
to improved phase separation characteristics (Flett 1970). Ashland Oil 
Company has announced the production of other solvents for copper extraction, 
Kelex 100 and Kelex 120. Kelex 100 extracts copper in preference to ferric 
iron from acidic leach liquors. The leaching solvent extraction, and 
electrowinning operations of the Ranchers Bluebird Mine have been described 
by Power (1970). 

McGarr (1970) summarized Bagdad Copper Corporation's solvent extraction 
process for copper. The feed stream for the plant is leach liquor ob- 
tained by percolating weak sulfuric acid solution over heaps of waste 
material containing low-grade copper. The leach solution (pregnant liquor) 
goes to the extraction stage where the copper is extracted with LIX-64. 
The solvent phase is then stripped of copper with a high acid content 
solution which regenerates the solvent for further copper extraction. The 
copper (in solution as copper sulfate) is then passed to an electrowinning 
operation for production of cathode copper. Before this plant went on 
stream, Bagdad Copper produced copper by a cementation process which in- 
volved: 

(1) passing the acid leach solution over scrap iron that 
caused the copper to precipitate as a fine powder mixed 
with impurities, and 

(2) returning the solution from the precipitation launder 
(containing acid iron sulfate) to the heap for further 
leaching. 

The solvent extraction process eliminates the following problems that were 
encountered with the cementation process: 

(1) materials handling, cost and availability of scrap iron; 

(2) return to the dump of a high level of iron sulfates 
which would prevent further leaching of copper. 

Bagdad can remove all of the copper in the dump that is Teachable with the 
SX process and uses mixer-settlers as the contacting equipment with four 
parallel trains in the plant, each train consisting of four extracting 
and three stripping stages. 

Capital Wire and Cable Company is treating scrap copper with SX. 
Flett (1970) reports that the process scheme involves an ammonia leach 
followed with LIX-64N solvent extraction. In the same paper, Flett also 
mentions that another plant using LIX-64N extraction to be built by Power 
Gas Corporation for Anglo American Corporation at Nchanga, Zambia. The 
Nchanga plant's proposed capacity of 55,000 tons per year — as compared 
to 5400 tons per year for Ranchers and 5400 tons per year for Bagdad — makes 
it the largest plant at that time and represents a significant breakthrough 
by a British firm into an American market. 
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LEARNING ACTIVITY 4 

Learning Activity Objective 

After completing your study of this learning activity material you 
should be able to list the types and describe the chemistry of ion ex- 
change process; be able to give examples of the application of IX to 
hydrometallurgical processes, and be able to describe the methods used 
in the industry. 

6.4 Ion Exchange 

6.4.1 Introduction 

Ion exchange reactions involve the interchange of ions between an 
aqueous solution and insoluble solid resin. It is one of the unit oper- 
ations used in hydrometallurgy to purify and concentrate the metal values 
from leach liquors. The use of ion exchange is especially prevalent in 
the uranium and other rare earth industries. Although solvent extraction 
is used now more than ever, there are problems in its use, e.g., emuslion 
formation, and solvent loss in the operation circuit can be costly and 
troublesome. The ion exchange technique has been proven to be an economic 
process for recovering low concentrations of uranium from mine waste 
streams. Also, the resin-in-pump process can be used to recover metal 
ions from uranium containing slimy pulp (from which the separation of 
clear liquor is difficult). Ion exchange technology is seen as a comple- 
menting technology, and sometimes a substitute technology, for solvent 
extraction. 

Ion exchange technology that has been adapted to hydrometallurgical 
processes can be described by a two stage sequence: 

a. adsorption : utilization of an anionic or cationic organic 
resin to remove metal ions from an aqueous solution when that solution is 
passed through a bed of resin. 

b. elution : the recovery of metal ions in a concentrated and puri- 
fied form (aqueous solution) by passing a small volume of suitable solu- 
tion (eluent) through the loaded bed. 

The reactions can be performed in fixed bed, moving bed or resin-in-pulp 
reactors. 



6.4.2 General Principles 

Chemical Composition and Structure of Resins . Modern ion exchange 
resins are synthetic polymers in which hydrocarbon groups make up a 
three dimensional network and hold stable, reactive ionic groups. These 
ionic functional groups may be a strong acid , e.g., -SO-H; or a weak 
acid , e.g., -C00H; or a strong base , e.g., a quaternary ammonium group. 
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-NR3CI ; a weak base , e.g., secondary or tertiary amine groups, -NHgRCl , or 
-NH3CI where anions such as chloride ions are capable of exchange with 
other anions. The resins containing acid groups are called cation- 
exchanger. The reversible reaction for cation exchangers can be written 



R " A | R ) + B Iaq) ' R XR) + A Iaq) 



[6.4.1] 



„-.+ 



where R A = functional group in a cationic exchanger 

R~ = fixed ion in the functional group 

A = exchangeable cation ion in the resin 

B = exchangeable cation ion in the solution 

The resins with basic groups are called anion-exchangers. 
reaction can be written as 




The exchange 



where R C~ 



•1 



B+C <R) + D (aq) - R+ V) + C Iaq) 

functional group in an anionic exchanger 
fixed ion in the functional group 
exchangeable anion ion in the resin 



[6.4.2] 



D = exchangeable anion ion in the solution 

The normal procedure used to synthesize the resin is to first form 
a cross-linked polymer unit and then to subsequently introduce the 
functional groups into the hard polymer structure. The degree of cross- 
linking in these polymers is of importance because the crosslinkage in- 
fluences the chemical and mechanical characteristics of the resin. Linear, 
non-crossl inking, polymers are relative soluble in aqueous solutions. 
However, polymers too highly cross! inked cannot swell to allow the counter 
ions to enter the resin, i.e., the porosity is too low. 



Most of the 
pared from vinyl 
stability, and t 
crossl inking and 
are crossl inked 
quaternary ammon 
styrene is first 



modern ion-exchange resins are addition copolymers pre- 

monomers. These polymers have a high chemical and thermal 
hey can be prepared with a wide choice in the degree of 

particle size. The most important resins of this type 
polystyrenes with sulfonic acid cation exchange and 
ium anion exchange resins. For the latter resins, 

polymerized with divinyl benzene in suspension and cured. 

chloromethylated with chloromethyl ether using a Friedel- 



The copolymer is 

Crafts catalyst (ZnClo, AICK, SnCK) according to the reaction. 
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This chloromethylated copolymer can be used to prepare quaternary ammonium 
exchange resins by amination with (CH 3 )^N as shown below: 



cii— en* 




CIIsCI 



IICI 
'r.Tii-if.v Mnmonhira ratio 



[6.4.4] 



There are two commonly accepted ways to characterize the capacity 
of an ion exchanger: weight capacity and volume capacity. The weight 
capacity is defined as the number of ionogenic groups contained in the 
"specific amount" of the resin, usually given in mill iequivalents per 
gram. The specific amount is defined as the amount of resin which weighs 
one gram when the material is completely converted to the H + or CI" form. 
The volume capacity, for technical applications and design purposes, is 
defined as the number of ionogenic groups per unit volume of packed bed of 
resin, usually given in equivalents per liter of (fully swollen) bed. 
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Some types and properties of commercially available ion exchanger 
polystyrene resins are listed in Table 6.4.1. 



Table 6.4.1. Typical Properties of Polystyrene Ion Exchanger Resin. 



Ionic Group 



Trade Name 



Capacity pH Range Temp.°C 



Cationic -S0 3 H 



-P0 3 H 2 



Amberlite IR/20 

Duolite C63 

-C00H Amberlite IRC 50 

Anionic -NfAlkyl)* Amberlite IRA 425 

-weak base Amberlite IR 45 
amino group 



meq/g 
4.3-5 

6.6 

9.5 



meg/ml 



1 
3 
3 
1 
2 



0-14 
4-14 
5-14 
0-12 
0-9 



120 
120 
120 
60 
100 



Beside the type of functional group and the capacity of a particular 
resin, the durability is also an important factor for consideration. For 
many applications, the resins must be resistant to physical breakdown, 
chemical degradation, and solubility. Other important factors are density, 
resin size, moisture, hydraulic expansion, etc. The moisture specification 
is essentially a measure of the degree of cross-linking. Cross-linking con- 
trols such factors as reaction rate, selectivity and swelling of exchanger. 
Some physical and chemical properties of a commercial ion exchanger, sul- 
fonated styrene-di vinyl benzene, are listed in Table 6.4.2. 



Table 6.4.2. Specification for a Typical Commercial Ion Exchange Resin 
(Sulfonated Styrene-Di vinyl benzene) . 



Property 

Moisture 
Volume Capacity 
Weight Capacity 
Color Throw 
Order and Taste 

PH 

Hydraulic Expansion 

Density 

Compressibil ity 

Effective Size 

Uniformity Coefficient 



Specification 

44-48% 

1.90meq/ml (minimum) 

4.5 meq/gram (minimum) 

25 APHA 

None 

6.0-7.0 

37-75% 

48-54 lb/cu. ft. 

5.0 gal/sq.ft./min. - 0.6 lb/sq.ft./ft. (max.) 

0.4-0.6 mm 

1.7 (maximum) 
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Selectivity of Ion Exchanger . The affinity of an ion exchanger for 
various ions present in the solution differs, i.e., some ions are held 
more strongly than others. The affinity is usually represented by the 
ion exchange equilibrium for a particular condition such as constant pH, 
and a given temperature. Ion exchange equilibrium can be described in 
terms of a quantity called the selectivity coefficient or distribution 
coefficient . 

The preference of the ion exchanger for one of the two counter ions 
is often expressed as the selectivity coefficient which is derived from 
the equilibrium constant of the exchange reaction, e.g., 

RA + B + J R B + A + 

The counter-ions A and B are competing for the reactive sites of the ion 
exchanger. The selectivity coefficient, K , is defined as, 

K c " (raJ(B+) [6.4.5] 

where brackets represent the concentration of various species. If the 
ion B is associated with R, the factor 1^ is larger than unity. If we 
arbitrarily assign values of (A + )/(RA) to be equal to 1.0, then for Li + 
(representing symbol A + ), the relative selectivity coefficient for other 
species (from experimental data) can be tabulated as shown in Table 6.4.3. 



Table 6. 


4.3. 2 


Relative 


i Selectivity 


Coefficients 


for 


the 


Exchange of 






Various 


Cations 


for 1 


„i + on Sulfonated 


Polystyrene with 






4% DBV. 














Counter 


Ion 


Selecti ' 


Yity Coeff. 


Counter I 


on 


Se' 


lectivity Coeff. 


Li + 






1 .0 




U0 2 + 






2.36 


H + 






1 .32 




Mg 2 + 






2.95 


Na + 






1 .58 




Zn 2 + 






3.13 


K + 






2.27 




Co 2+ 






3.29 


Rb + 






2.46 




Cd 2 + 






3.37 


Cs + 






2.67 




Ni 2 + 






3.45 


Ag + 






4.73 




Ca 2 + 






4.15 


Tl + 






6.70 




Sr 2 + 
Pb 2 + 
Ba 2 + 






4.70 
6.56 
7.47 
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As can be seen from the above table, the affinity of this particular 
resin for many ions is larger than that for the Li + ion. 

In certain practical applications, equilibrium is most conveniently 
expressed in terms of the distribution coefficients of the counter ions. 
The distribution coefficient is defined as 

D = -^ [6.4.6] 

(B + ) 

For specified conditions, the distribution coefficient can be calculated 
from the selectivity coefficient. ' However, there is no simple explicit 
relationship between these two. The use of the distribution coefficient 
is particularly advantageous if the species of interest is present only 
in trace amounts (for example RA>>RB, A + >>B + ). Usually for this condition, 
the distribution coefficient is a constant. Again the ion exchanger will 
prefer the ions that have a large distribution coefficient. 

Relative affinities of ions have often been arranged in series to 
indicate whether one ion will replace another or not under comparable 
conditions of concentration, etc. For the usual general -purpose cation 
exchangers the selectivity sequence of the most common cations is (also 
shown in Table 6.4.3) 

Ba 2+ >Pb 2+ >Sr 2+ >Ca 2+ >Ni 2+ >Cd 2+ >Cu 2+ >Co 2+ >Zn 2+ >Mg 2+ > 
U0 2 2+ >Ti + >Ag + >Cs + >Rb + >K + >NH 4 + >Na + >Li + 

For strong acid resins, the selectivity of H usually falls between Na 
and Li + . For weak acid resins, the position of H + depends on the acid 
strength of the fixed anionic group. 

The selectivity sequence of the usual general purpose anion-exchanger 
is 

Citrate>S0 4 2_ >oxalate>r>N0 3 ">Cr0 4 >Br">SCN">Cl"> 
formate>acetate>F~ 

For strong-base resins, the selectivity of OH" usually falls between 
acetate and fluoride. For weak-base resins, the position of OH" is 
farther to the left and depends on the base strength of the fixed 
inorganic groups. 

In general, the ion exchanger tends to prefer: 

the counter ion of high valence, 

the counter ion with the smaller (hydrated) equivalent 
volume, 
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the counter ion with the greater polarizability, 

the counter ion which interacts more strongly with 
the fixed ionic groups or with the matrix, 

the counter ion which participates least in complex 
formation with the co-ion. 



6.4.3 Kinetics of Ion Exchange Reaction 

Ion exchange reactions are heterogeneous and involve five steps in 
series; the slowest still determines the overall rate of the reaction. 
Consider the following ion exchange reaction, 

RA (R) + B (aq) * RB (R) + A laq) t 6 " 4 - 7 ^ 

The five steps are: 

1. Film diffusion of counter ion B across a stagnant film to 
the surface of the resin particle, 

2. Particle diffusion of counter ion B within the resin 



particle, 

Exchange t 

the fixed ionic group, 



3. Exchange reaction between counter ions A and B at 



4. Particle diffusion of exchanged counter ion A from the 
interior to the surface of the particle, and 

5. Film diffusion of counter ion A across the stagnant 
film to the bulk solution phase. 

The chemical reaction (step 3) seldom controls the rate. Thus, the rates 
are normally dependent on diffusion phenomena. 

Because of the principle of electroneutrality, the flux (in equiv- 
alents) of B + to the particle (Step 1) should be equal but in an opposite 
direction to the film diffusion of A + away from the particle (Step 5). 
These two steps can be regarded as inter-diffusion of co-center ions 
across the stagnant film. The term inter-diffusion can be replaced by 
binary diffusion when the diffusion process involves only two species. 
Therefore, steps 2 and 4 can be regarded to be binary diffusion of 
counter ions within the particle. 

It is important to grasp the mechanism that produces the equivalence 
of fluxes. The faster ion, of course, tends to diffuse at the higher 
rate. However, any excess flux of an ion is equivalent to a net transfer 
of electric charge and thus produces an electric field. This hinders 
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the movement of the faster ion and enhances the movement of the slower 

ion until the fluxes become equal. The rate equations that describe 

ordinary self diffusion, e.g., Fick's Law, can also be applied to the 

binary diffusion system. However, the diffusion coefficient used in the 

equations has to be modified. The diffusion coefficient for a binary 

system can be derived. The equation for a system where the charges of 

species A and B are Z, and Z D respectively is, 

a d 

D.D (Z A 2 C. + Z 2 C R ) 
n = A B A A B B [64>8] 

Z A C A D A + Z B C B D B 

where D. R = binary diffusion coefficients for species A or B in a binary 
system, 

D., D R = ordinary self diffusion coefficient of A and B, respectively, 

C A > C R = concentration of species A and B, respectively. 

This binary diffusion coefficient, however, is by no means constant. Its 
value depends on the relative concentration of A and B. For Cn>>Cg the 
coefficient is approximately equal to Db ; and for C^<<Cg, the coefficient 
is approximately equal to D/\. In other words, the ion present in smaller 
concentration will determine the diffusion coefficient in a binary dif- 
fusion process. 

Of the two steps, film diffusion and particle diffusion, particle 
diffusion is normally the slower, e.g., particle diffusion coefficients 
are about 10 _ 7, while the film diffusion coefficients are about 10"^. 
However, film diffusion control may prevail in systems with ion exchangers 
of high concentration of fixed ionic groups, low degree of crossl inking, 
and small particle size, with dilute solutions, and with inefficient 
agitation. 

The rate equations for particle diffusion for various conditions 
can be found in Reference 3. 
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LEARNING ACTIVITY 5 

Learning Activity Objective 

After completing your study of this learning activity material you 
should be able to illustrate and discuss exchange applications of ion 
exchange in industry. 

6.5 Hydrometallurgical Applications 

Ion exchange techniques may be used in hydrometallurgical operations 
in one of several ways. First, the resins are used to concentrate and 
purify the metal values contained in the leach liquors. Second, ion 
exchange resins are used to recover metal values from mine waters or 
tailing streams. Third, ion exchange resins are used to separate chemi- 
cally similar metals from a leach solution, e.g., rare earths. 

6.5.1 Uranium Extraction—Chemistry of Adsorption and Elution 

-Cation exchangers do not show a strong affinity for uranyl cation, 
UOg • This is shown in previous activity Table 6.4.3. However, due to 
the formation of uranyl sulfate anions in an acid leach system, and of 
uranyl carbonate anions in an alkaline leach system, uranium can be 
selectively adsorbed by a strong base anion-exchange resin such as poly- 
styrene with quaternary ammonium groups attached. Typical commercial 
resins used in uranium processing in the United States and their rated 
total capacities are given in Table 6.5.1. Typical reactions between 
the mobile ion adsorbed on the resin and uranium anion in solution (R 
designating the fixed ion group and X the mobile ion) will proceed as 
follows: 

4RX + [U0 2 (S0 4 ) 3 ] 4 " t R 4 U0 2 (S0 4 ) 3 + 4X~ [6.5.1] 

4RX + [U0 2 (C0 3 ) 3 ] 4 " % R 4 U0 2 (C0 3 ) 3 + 4X" [6.5.2] 



Table 6.5.1. Anion Exchange Resins Used for Uranium. 

Resin Capacity, meq/g meg/ml 

Amberlite IRA 425 

Amberlite IRA 430 (for RIP) 

Dowex 11 

Dowex 21 K 

Ionac A-580 (same as Permatite SK) 

Ionac A-590 (same as Permatite SKB) 
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Acid leaching of uranium ores and the subsequent purification by 
ion exchange is used commercially. The treatment steps for recovering 
uranium is described below. 

1. The clarified sulfuric acid leach liquor is passed through 
a column of the resin until the presence of uranium is 
detected in the barren effluent. 

2. The column is rinsed and backwashed with water. 

3. The uranium is eluted with a chloride or nitrate salt 
solution. 



4. The uranium is precipitated from the eluate with ammonia 
or some other alkaline agent and the precipitate is 
filtered, dried, and calcined. 

In practice, during the adsorption, the pH value of the solution is 
controlled at 1.5. At lower pH, the solution generates strongly adsorbed 
bisulfate ions, and at high pH, the precipitation of uranium ion occurs. 
Chloride and nitrate ions are also strongly adsorbed; it is desirable to 
maintain these ions below 2 g/1. Anionic ferric sulfate complexes, V0|" 
and VO^ will also influence the adsorption of uranium. It is usual 
practice to add metallic iron to reduce ferric ions to ferrous iron which 
in turn will reduce pentavalent vanadium to the tetravelent state. 

In the elution circuit, the eluent is usually a nitrate or chloride 
solution. In either case the eluting reagent is slightly acidified with 
dilute acid to prevent the precipitation or uranium ions. When the 
chloride eluent is used, the most effective solution in practice contains 
0.9 M NH4CI or NaCl and 0.1 M HC1 or H 2 S0 4 . 

Before recycling the stripped resin to the adsorption circuit, it 
is desirable to convert the resin from the nitrate or chloride form to 
the sulfate form by treating with 5 to 10% sulfuric acid solution. 

Solvent extraction has been successfully applied as a second stage 
of uranium purification following ion exchange. This combination is 
referred as the "Eluex" process in the United States or the "Bufflex" 
process in South Africa. A high-grade product is produced. One molar 
solution of sulfuric acid is used as the eluent instead of a nitrate 
or chloride solution. This technique permits the user to treat the 
acidic eluate by solvent extraction without the need for neutralizing 
excess acid, and to recycle the resin directly to the adsorption cir- 
cuits without further treatment. For these reasons and the relative 
low cost and availability of sulfuric acid, this technique is the 
favored process. 

Certain impurity ions are so strongly adsorbed by the resin that 
they resist normal elution and gradually reduce the capacity of the 
resin. These ions are usually called resin "poisons." Examples of 




N 
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resin poisons are: silica, molybdenum, polythionates, sulfur, and 
titanium. Poisoning is not always attributable to ionic adsorption but 
may be the result of materials mechanically blocking the pore openings 
in the resin. This, of course, inhibits the rate of transport of material 
in and out of the resin. Ions that are known to act as mechanical poisons 
include silica, titanium, zirconium, halfnium, nisbium, antimony, and 
arsenate or phosphate complexes. 

The "regeneration" of resins is possibly by a special elution stage 
for the removal of the impurities. The common resin poisons are usually 
removed first by an alkaline treatment. This is followed by a strong acid 
treatment. Other regeneration techniques include the use of a mixture of 
H0SO4 and ammonium bifluoride to remove silica and titanium and the use 
of dilute alkaline cyanide to elute polythionates, sulfur and silica. 

Alkaline leach liquor can be purified and upgraded by a similar ion 
exchange process. However, the alkaline leach is usually more selective. 
This simplifies the ion exchange operation since there are usually less 
impurities present in solution to compete for resin sites. Several com- 
panies precipitate the uranium directly without going through either the 
ion exchange or solvent extraction procedure. 

6.5.2 Uranium Ion Exchange—Processes and Equipment 

The ion exchange process for uranium can be used on clarified solu- 
tions and slime slurries. Clarified solutions can be treated with a 
fixed bed or moving bed ion exchange column, and slime slurries can be 
handled by basket or a continuous Resin-In-Pump (RIP) process. 

Fixed bed ion exchange columns are cylindrical pressure vessels, 
usually about one ft. high by 7 ft. diameter. They are constructed of 
steel. An example of a fixed bed reactor is shown in Figure 6.5.1. The 
reactors are vertically mounted and suitably connected through valves and 
pipe manifolds for control of the passage of the various solutions. The 
resin bed normally occupies about half of the total column height. It 
rests on a perforated plate or sized rock. Typical pressure drops for 
each column is in the range of 5 to 10 psi . Figure 6.5.1 also indicates 
the locations for entrance and exit of pregnant solution, eluent and 
backwash water. 

Fixed bed ion exchange plants are usually operated with a 3- or 4- 
column system (see Figure 6.5.2). At least two columns are always oper- 
ated in series in the adsorption circuit. When the leading column is 
saturated with uranium, it will be removed from the series, washed and 
placed on elution. Meanwhile a freshly eluted column is added as the 
trailing column on adsorption. 

A typical flowsheet for a moving bed column is presented in Figure 
6.5.2. The adsorption, backwashing, and elution processes are carried 
out in separated columns, so that each column can be designed specifically 
for a particular purpose. Adsorption and elution columns are about 8 ft. 
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by 14 ft. The separate backwash column is approximately 16 ft. high. The 
resin is transferred from one column to the other by hydraulic pressure to 
minimize the attrition of resins. 



Figure 6.5.1. Fixed Bed Ion Exchange Reactor 
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In operation (see Figure 6.5.3), the pregnant solution is split be- 
tween two sets of adsorption columns, with the cycles arranged so that 
the leading column in each set becomes saturated alternately. Three 
columns are used in series for each set of adsorption. When the leading 
column is fully loaded, its resin is transferred into the empty backwash 
tank, after that a charge of completely stripped resin from the elution 
section is transferred into the empty adsorption vessel. This then be- 
comes the third line. After backwashing, the loaded resin becomes third 
in the line in the elution series. 

The Resin- In-Pulp methods were developed to recover uranium from 
the pregnant solution without a filtration step. Commercial operations 
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Figure 6.5.2. 



Solution Flow Through a Three-Column Ion-Exchange Fixed 
Bed Circuit. (1) 
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are carried out either by a semi -continuous basket process or by a con- 
tinuous countercurrent mix and screen process. For the basket ion ex- 
change process, the resins, (at least 90% between 10- and 20-mesh size) 
are retained in cubic-shaped baskets. The basket size varies from 4 to 
6 feet on a side, and holds 15 to 40 cubic feet of resins. The baskets 
are moved up and down (shown in Figure 6.5.4) at a rate of between 6 and 
12 strokes per minute in rectangular banks containing flowing slurry or 
elution solutions. The baskets are arranged in 14 banks, usually there 
are two baskets in each bank, seven banks in series for adsorption, one 
for wash, four for elution and one on standby (as shown in Figure 6.5.5). 
The flow of slurry or solution from bank to bank may be accomplished 
either by an air lift or by gravitation flow. This process can handle 
a slurry containing up to 7% solids. 

When a bank of baskets is saturated, it is drained and rinsed. The 
feed is then switched to the next bank. At the same time a new bank, con- 
taining eluted resin, is added at the end of the series. The loaded bank 
is then added to the end of the series in the elution section. 
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Figure 6.5.3. Flowsheet for Moving Bed Column Ion Exchange Process. 
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Figure 6.5.4. Cross Section of RIP Basket. 3 
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Figure 6.5.5. Basket RIP Circuit. 
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The mix and screen ion exchange process is a continuous counter- 
current system in which resin and slurry or resin and eluent are moved 
in an opposite direction through a series of stirred tanks with air 
lifts and screens between them. A schematic diagram is shown in Figure 
6.5.6, and the operation circuit is shown in Figure 6.5.7. The agitation 
is provided by air or mechanical mixers. The discharge from each tank 
is pumped to a vibrating 60 mesh screen located above the following tank; 
the slurry falls directly into this tank by gravity while the resins are 
captured and sent to a following tank. This method can be used on uranium 
slurries containing up to 15% solid (sith resin size ranged 20-50 mesh). 

4 
Figure 6.5.6. Schematic Diagram of Mix and Screen RIP Contractor. 
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2 
Figure 6.5.7. Flowsheet of Mix and Screen RIP Operation. 
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Loaded resin moves continuously from the adsorption stages to the 
elution stages and barren resin from elution back to adsorption. Nor- 
mally, from 6 to 8 stages are employed in adsorption and from 7 to 14 
for elution. 

These two RIP processes ( basket and mix and screen ) share the same 
disadvantage, i.e., each unit represents only one theoretical stage. 
Therefore, a large number of cells, consequently a large area of space, 
are required for a full adsorption and elution operation. A multiple- 
component ion exchange circuit has been proposed by U. S. Bureau of 
Mines. The feature of the column is the use of orifice plates to divide 
a resin column into separate compartments so that each compartment serves 
as a unit in a countercurrent miltiple-stage system. By regulating the 
flow of solution, the slurry flows upward through the column, the sized 
resin falls downward through the column, while maintains each compartment 
as a fluidized bed. The effect of this design is to provide a number of 
separate batch contact stages in one column, instead of several columns 
in series. 
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A schematic diagram of a pilot plant operation is shown in Figure 
6.5.8. It consists of an extraction column built of 7 compartments, a 
regeneration column and a wash section. Test results have shown 99% 
uranium extraction can be achieved. 



Figure 6.5.8. U. S. Bureau of Mines Multiple-Compartment Ion Exchange 
Column. 5 



Orifice 

plole- 



22" D 
H« 14" D- 



\ 




Borran solution 



'7 



48 




32' -8" 



3 48" 

1- i 



T» 



BE 

-oS^-Solu 



tion feed 



H 

Resin outlet 



Baffle to 
deflect solution 




\-k D hole 



Top view 




Sectionol view 
Orifice Plote 



6.5.10 



Hydrometallurgy Ion Exchange 

6.5.3 Extraction of Other Metals 

Ion exchange technique can also be used to recover gold, copper, 
nickel, cobalt, chromium, rare earths, and rare metals, etc. 

6.5.4 Separation of Metal Ions 

The separation of metal ions by ion exchange was developed originally 
for analytic and research purposes. The technique has become an important 
procedure for the separation of metals with similar valence, e.g., the 
separation of rare earths. The separation can be carried out either by 
the separation of metal ions of opposite charge or by ion exchange 
chromatography. 

The separation of metal ions of opposite charge can be achieved by 
adjusting the aqueous environment so that one particular metal ion will 
be transformed into a stable anionic complex. This ion is then subsequently 
removed by a single cation-anion ion exchange separation. The environment 
adjustment can be accomplished by selecting the proper pH; addition of 
complex reagent; or by changing the oxidation state of one particular ione, 
etc. The technique of changing pH to reverse the charge of a metal ion 
is demonstrated by the following example. Ethylenediaminetetraacetic acid 
(EDTA), which is known as a complexing reagent, binds different metal 
cations selectively (depending on the pHO to form anionic complexes. These 
complexes of course are not retained in a cation exchange column. It is, 
therefore, possible to separate lanthanum from thorium at a pH of 2.2, 
sammarium from iron at a pH of 1.8, yrtrium from scandium at a pH of 1.35, 
and magnesium from aluminum at pH 4.0. 

The same principle can be used for the separation of metal ions by 
adding the complexing reagents into the solution in which a certain metal 
cation will form a negative charge complex with the reagent. This complex 
can be adsorbed by an anion exchanger and be selectively separated from 
uncomplexed cations when the solution passes through an anion exchanger. 
A classic example of this type is the separation of uranium ion from 
other metal cations by complexing the uranyl cations with sulfate, 
chloride or carbonate ions to form complexed uranyl anions. 

However, there are many instances in which the differences between 
ionic species are not sufficiently great to permit separating. Separa- 
tions of such ionic mixture may be accomplished by applying the ion 
exchange chromatographic technique . The technique may be resolved into 
"two classes, those that may be separated on the adsorption cycle—ad- 
sorption chromatography, and those that may be separated on the elution 
cycle — elution chromatography. 

The basic principle of adsorption chromatrographic technique is that 
two different ions may be adsorbed by the exchanger at different rates. 
Therefore, one type of ion will stay on the top part of the exchange 
column, and the other type stays on the bottom part. When eluted with 
suitable eluant, one type of the ion will be in the first fraction of 
the eluate, and the other type in a later fraction. 
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The basic principle of elution chromatographic technique is that 
both ions may be adsorbed at about the same rates, but desorbed by the 
eluent at different rates. When eluting the loaded column, one type 
of ion may be in the first portion of the eluate, and the other type 
of ion in the later portion. Depending on the type of eluent used, the 
elution chromatrographic technique is further classified into displace- 
ment chromatrography, elution chromatography, and chromatrography with 
complex reagent. More detailed discussion on this topic can be found 
in Reference 6. 

Adsorption chromatography is generally applied to the separation of 
ions which exhibit reasonably different selectivities for an exchanger. 
Examples of this type include the separation of sodium from calcium and 
the separation of chloride from sulfate. 
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Hydrometallurgy Gaseous Reduction 

LEARNING ACTIVITY 1 

7.1 Gaseous Reduction in Aqueous Solutions 

Learning Activity Objective 

After completing your study of this learning activity material you 
should be able to describe the reduction of metal ions from aqueous 
solutions by the use of gaseous reducing agents, particularly hydrogen. 

7.1.1 Hydrogen Gas Reduction 

One means of recovering a metal from aqueous solution is by 
metal ion reduction by a reducing gas such as hydrogen, carbon monoxide 
or sulfur dioxide. By far the most widely used reducing gas for pre- 
cipitating metals from solutions is hydrogen. This reaction is illustrated 
by the following equation. 



M+n + I H 2 * M + nH+ 

The equilibrium position of this reaction can be calculated from 
the standard free energy function. 



[7.1.1] 



Example: 

The hydrogen reduction of Ni from solution by far exceeds any other 
metal recovered by this technique. 



If we consider reaction 7.1.1 applied to nickel: 

.+ 



Ni ++ + H, 



Ni + 2H 



[7.1.2] 



AG° = -RTln K 



aG° - aP° 

Formation of Formation of 



Products 



Reactants 



[7.1.3] 
[7.1.4] 



= - (-11,530 calories) 



= +11,530 



@ 298°K 



[7.1.5] 



Therefore, 



K @298°K 3 " 4 x 1 



-9 



[7.1.6] 
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(•„+)' 



\ - a Ni ++ 



[7.1.7] 



The reaction is certainly unfavorable at 298°K. Its extent is also 
(besides being temperature dependent) dependent on hydrogen pressure and 
pH. 

The deposition of Ni from solution is commercially accomplished in 
autoclaves, i.e., at elevated temperature and pressure in the presence 
of ammonia (see reference 4, pp. 310-312). 

Let's look at the reduction reaction again. 



Ni 



+ H 2 = Ni + 2H 



[7.1.8] 



In an ammoniacal solution reactions are occurring in addition to 
[7.1.8]. Hydrogen ions combine with ammonia to form ammonium ions. 



H + + NH 3 = NH 4 + 



[7.1.9] 



Therefore, increasing the free ammonia concentration reduces the concen- 
tration of hydrogen ion and thus promotes reaction [7.1.8]. But nickel 
ions are complexed: 



[Ni(NH 3 ) n _ 1 



] ++ +NH 3 = [Ni(NH 3 ) n ] ++ 
(n = 1 to 6) 




[7.1.10] 



This tends to reduce the Ni availability for reduction. In practice 
it has been found that nickel can be almost completely reduced if two 
moles of NH3 per mole of Ni ++ is present, when less NH 3 is present the 
reaction stops with some nickel unreduced from lack of NH3 to neutralize 
the H + resulting from the reduction. If more than two moles/mole Ni ++ 
is present the ratio of concentration of ammonia to concentration of 
nickel increases as the reduction proceeds, resulting in Ni ++ complexing 
until the Ni ++ concentration is so low that reaction stops. Care is 



taken in commercial operations to maintain the NH^/Ni 
and 2.1. 



:++ 



ratio between 1 .9 



The actual mechanism of reaction is much more complex than is described 
above but is beyond the scope of this course. The overall reaction is 
summarized by the following equation. 



NiS0 4 + 2NH 3 + H 2 = Ni + (NH 4 ) 2 S0 4 



[7.1.11] 



The commercial operating conditions quoted by the Freeport Nickel 
Company for their process at Port Nickel, Louisiana are pH = 1.8, 
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temperature = 375°F, hydrogen pressure = 700psi. 

As a student exercise, calculate the free energy change for these 
conditions. 

Metals that are commercially produced by hydrogen reduction are 
nickel and cobalt. Metals that can theoretically be reduced from solu- 
tion are copper, silver, gold, platinum and palladium. 

7.1.2 Other Gases (2) 

Hydrogen is by far the most used reducing gas for depositing metals 
from aqueous solutions. The reasons for this are hydrogen is a simple 
gas and relatively cheap to produce on a large scale. The reaction 
products in an aqueous solution are simple, i.e., either hydrogen ions 
or hydroxyl ions. Neither of these ions create other solution by-products 
that would be a disposal problem. Other reducing gases such as carbon 
monoxide and sulfur dioxide do produce either a gas product or solution 
reaction product that must be recovered or further treated for disposal. 

Although carbon monoxide, CO, is used extensively by INCO as a 
reactant to pyrometallurgically purify nickel, it is not used commercially 
as a reducing agent in aqueous solutions. Studies have been made that 
demonstrate the technical possibility of its use, e.g., 

Nickel (3) via the reaction 

[Ni(NH 3 ) 6 ]Cl 2 + 5 CO + 2H 2 * [7.1.12] 

Ni(C0h + 2 NH.C1 + (NH.) 9 CO, + 2NH, 

4 (gas) 4 4 £ J 6 

T = 150°C 

P- = 100 atm. 

The nickel carbonyl could be decomposed and the CO recovered and recycled 
for further reduction. 

Iron and cobalt (4) via the reaction 

[Fe(NH 3 ) 6 ]S0 4 + 6 CO + 4H 2 -> 

Fe(C0) 4 -H 2 + (NH 4 ) 2 S0 4 + 2(NH 4 ) 2 C0 3 [7.1.13] 

T = 80°C 

P- = 100 atm. 
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The iron carbonly hydride decomposes in the presence of excess CO 
to yield iron pentacarbonyl gas. 

Fe(C0).-H ? + CO -> Fe(C0)c + H« [7.1.14] 

4 b (gas) 

Cobalt may be recovered by the reaction 
[Co(NH 3 ) 6 ]S0 4 + 6C0 + 4H 2 ■+ 

Co(C0) 4 -H 2 + (NH 4 ) 2 S0 4 + 2(NH 4 ) 2 C0 3 [7.1.15] 

The cobalt hydride is stable in basic solutions but if the solution 
is acidified, it can be evolved in a vacuum as Co(C0).-hL. This compound 
decomposes to yield the tetracarbonyl . 

Co(C0) 4 -H 2 ■* H 2 + Co(C0) 4 [7.1.16] 

Sulfur dioxide has been studied over the years as a reducing agent 
in laboratory and pilot scale operations but has not been utilized com- 
mercially. 
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7.2 Cementation 



Learning Activity Objective 

After completing your study of this learning activity material you should 
be able to describe metal value recovery by cementation processes; be able to 
predict the theoretical possibility of a cementation reaction; list the experi- 
mental process parameters of importance in cementation; and be able to discuss 
the kinetic aspects of cementation processes. 

7.2.1 Introduction 

One of the most ancient, yet most effective, hydrometallurgical processes 
for the recovery of dissolved metal values from aqueous solution is cementation, 
a process that was first reported in the 16th century. 0) In principle, the 
electrochemical cementation reaction, or contact reduction, is relatively simple, 
involving the discharge of a noble metal ion (i.e., the ion to be cemented) at 
the expense of a more reactive metal. In modern times it has been used extensively 
for the recovery of metals and the purification of electrolytes. Calssic examples 
of industrial importance include: copper cementation with iron, gold cementation 
from cyanide solutions with zinc dust, and cadmium cementation from electrolytic 
zinc sulphate solutions with metallic zinc. 

In the past decade a significant research effort has been expended to better 
understand the ancient art of cementation. A few practical, as well as many 

reported in the literature. The most significant 
point of view has been the development of copper 
replace launders--so common to the extractive 
The success that these cones have achieved, as 
compared with the more traditional launders, can well be realized from a basic 
understanding of the principles that govern the copper cementation reaction. (3,4 ,5) 
Further realization of their success comes from their acceptance and use by industry. 
A recent installation of three cones by Nchanga Consolidated Copper Company at 
Chingola, Zambia, is illustrated by the photograph in Figure 7.2.1. 

7.2.2 Theory 

The basic cementation reaction is given by equation [7.2.1], 

+z l . Zl .. * z l .. +z 2 






theoretical studies, have been 
development from an industrial 
cementation cones, designed to 
metallurgist in years past. (2) 



M 



"■" z7 n 2 * zy M 2 



+ =rU 2 



[7.2.1] 



and the overall reaction is the sum of numerous microcells, one of which is 
depicted schematically in Figure 7.2.2. Essentially, the system is a set of 
shortcircuited electrolytic microcells and the cementation reaction can be 
considered in terms of the respective half cells: 



* The material presented as Learning Activity 2 is a condensation of a publication 
by Dr. Miller in Minerals Science and Engineering, Vol. 5, No. 3, pp. 242-254, 



July 1973. 
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Figure 7.2.1. Cementation Cones Recently Installed at Chingola, Zambia. 
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Figure 7.2.2. Schematic Representation of an Electrochemical Microcell 
Operative in Cementation Systems. 
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Cementation 

[7.2.2] 

[7.2.3] 



The reaction is termed electrochemical, as opposed to a chemical redox 
reaction, in the sense that the electrons are not exchanged at the same 
site, but rather the half-cell reactions are separated by an arbitrary, 
finite distance which necessitates that the solid phase be a conductor 
or semiconductor. Also, cementation should be distinguished from 
electrolytic deposition in which the source of electrons is from a 
generator rather than a less noble metal. 

Most of the common cementation reactions exhibit large negative 
free energy changes, and generally the reactions can be considered to 
go to completion in a thermodynamic sense. The standard free energy 
change for any given couple can be calculated from the half cell poten- 
tials given in Table 7.2.1.(13) p or example, in the case of cadmium 
cementation on zinc the reaction would be: 



Zn 2+ + Cd° 



Cd 2+ + Zn° 

The standard free energy change is: 

aG° = -nFE° 



AG° = 2^M|Vx 23.06 



&G° = -16.6 kcal/mol 
Thus, at 25°C the net reaction would stop when: 



[7.2.4] 





[7.2.5] 


Ca ^ y fl ?fi unit 


[7.2.6] 


volt equiv x °- 36 volt 



[7.2.7] 



a Zn 2+ 



10 



12.2 



[7.2.8] 



As in all hydrometallurgical systems, a good understanding of 
solution chemistry is necessary in order to characterize the cementa- 
tion reaction. In particular, it is important to note that the ionic 
activities are controlled both by complexation reactions and by the 
ionic strength of the solution. 

As might be expected, in some respects, cementation is analogous 
to electrolytic deposition. In cementation systems the anode and 
cathode are short-circuited and the current density is most frequently 
controlled by the concentration of the discharging metal ions at cathodic 
sites, due to diffusional processes, whereas in electrolysis such is not 
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necessarily the case. The reaction rate, which is equivalent to the 
current density, is the response most frequently used by researchers 
to characterize a given cementation system. A detailed analysis of 
cementation reactions in terms of electrochemical theory has been 
given by Wadsworth. ( '^) 



TABLE 7.2 


. 1. Standard 


Half-Cell Potent 


ials at 25°C. 




Half cell 


E°, volts 


Half cell 


E°, volts 


Zn ■* Zn 2+ 


+ 2e~ 


+0.763 


H 2 * 2H + + 2e~ 


0.000 


Fe * Fe 2+ 


+ 2e~ 


+0.440 


Bi -> Bi 3+ + 3e~ 


-0.32 


Cd * Cd 2+ 


+ 2e~ 


+0.403 


Cu ♦ Cu 2+ + 2e~ 


-0.337 


In * In 3+ 


+ 3e" 


+0.342 


Co + Co 3+ + 3e~ 


-0.400 


Co * Co 2+ 


+ 2e~ 


+0.277 


Cu * Cu + + e" 


-0.521 


Ni * Ni 2+ 


+ 2e~ 


+0.250 


Ag + Ag + + e" 


-0.799 


Pb * Pb 2+ 


+ 2e~ 


+0.126 


Pd ■* Pd 2+ + 2e~ 


-0.987 


Fe ■*■ Fe 3+ 


+ 3e~ 


+0.036 


Pt ■* Pt 2+ + 2e~ 


-1.200 



A convenient way to think about cementation reaction kinetics is 
to plot the current-potential curves for the respective half cells in- 
volved in the cementation reaction, as done by Power. (31) These dia- 
grams are referred to as Evans diagrams and have been used in the 
analysis of corrosion reactions. In essence, the diagrams are simply 
the superposition of two current-potential (polarization) curves. A 
typical polarization curve for an arbitrary metal is shown in Figure 
7.2.3. At very low currents the potential, E , is equivalent to the 
reversible electrode potential. As E is made more negative (cathodic) 
than E , the metal ions begin to be reduced. At some point the potential 
begins to vary linearly with log i. This region of the polarization 
curve is known as the Tafel region and the slope of the linear portion 
of the polarization curve is known as the Tafel slope. For large nega- 
tive values of potential, the current density reaches a maximum value, 
the limiting current density. Under these conditions the current is 
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Figure 7.2.3. Polarization Curve for an Arbitrary Metal Showing 
Cathodic and Anodic Reaction. (31) 




log I 
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determined by the rate of transport of metal ions to the surface. 
Similar regions can be identified for the anodic behavior of the system 
when the potential is made more positive than E_. In this case, however, 
the limiting current density is reached only when the metal surface be- 
comes saturated with respect to a salt of the metal. From the linear 
region of polarization curves, the Tafel equation is defined, 

n = a + b log i [7.2.9] 

where: a and b are constants and n is the overpotential (the difference 
between the potential at some current i and the reversible electrode 
potential, E Q -E). Alternately, the Tafel equation can be written from 
the Butler-Volmer equation in terms of the exchange current density, 

n = b log j- [7.2.10] 

o 

The polarization curves can be determined experimentally or calculated 
provided the exchange current density and transfer coefficients are known. 

The use of Evans diagrams in cementation systems is best illustrated 
by some examples taken from Power. (*) In these systems it will be assumed 
that the polarization curves are independent, that the cathodic and 
anodic areas are equal and that there is no ohmic resistance between cathode 
and anode. Further, the diagrams are constructed for mass transfer rates 
calculated for a rotating disc at 100 rad/sec. The most important feature 
of these diagrams is that they demonstrate quite clearly whether the 
reaction will be controlled by an electrochemical surface reaction. 

For the first example, consider the (Cu /Fe) Evans diagram presented 
in Figure 7.2.4. The point of intersection of the polarization curves 
determines the mixed potential for the reaction and the rate controlling 
step. Because the polarization curves intersect the cathodic copper curve 
in the diffusion limited region, the reaction would be expected to be con- 
trolled by mass transfer of cupric to the reaction surface. Many investi- 
gators have found this to be true from experimental cementation studies. 

As the other example, consider the (Fe /In) system shown in Figure 
7.2.5 for which a different conclusion would be reached. In this case the 
point of intersection occurs in the Tafel region of the polarization curve 
and one would expect the reaction to be electrochemical ly controlled. 

The criterion for chemical control is that the anodic curve intersect 
the cathodic curve in the Tafel region. An idealized Evans diagram can 
be constructed as shown in Figure 7.2.6 and the point at which rate con- 
trol switches from mass transfer to chemical reaction can be evaluated. 
Solution of the respective Tafel equations for cathodic and anodic half 
cells at the transition mixed potential results in; 
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Figure 7.2.4. Evans Diagram for the Cu /Fe System - Mass Transfer 



Controlled. ( 31 ) 
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Figure 7.2.5. Evans Diagram for the Fe ++ /Zn System - Electrochemical 
Reaction Controlled. ( 31 ) 
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Figure 7.2.6. Idealized Evans Diagram which Represents the Transition 
from Mass Transfer Control to Electrochemical Reaction 
Control. (31) 
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aE q = b [log(^-) c + log(^) a ] [7.2.11] 

O 

The variables in equation [7.2.11] take on the following values 

b £. 0.03 volts/decade current density for many metals (Cu, Fe, Zn) 



2 2 

i„ = 10 amp/m (0.1M solution) 



i = 10 1 amp/m 2 (Cu) ■> 10~ 4 amp/m 2 (Fe) 

Consequently, for cementation reactions a good rule-of-thumb would be: 

aE < 0.06 volt - electrochemical control [7.2.12] 

AE > 0.36 volt - mass transfer control [7.2.13] 

Between these values, the exchange current densities must be known in 
order to predict the rate limiting step. As a further approximation, 
the standard electrode potentials aE§ of the respective half cells can 
be used to approximate aE . When these values are calculated, it is 
found that most cementation systems have a difference in standard electrode 
potential of greater than 0.36 volts. Further, experimental investigations 
indicate that most cementation reactions are controlled by mass transfer 
processes as indicated by the results presented in Table 7.2.2. 

Almost without exception cementation reactions appear to be first- 
order processes with respect to Mt^l and can be represented by the first- 
order rate equation: 

dC 



dC i ta 

dtr = r c i £7.2.H] 



dt 

As can be seen from equation [7.2.14], the rate of cementation, as 
in most heterogeneous reactions, is determined by the labile area on 
which the noble metal ion is to be reduced. However, this area para- 
meter is much more complex than one would initially suspect. In fact, 
the area that controls experimentally observed reaction rates is deter- 
mined by the nature of the surface deposit. Accordingly, then it would 
not be unreasonable to suspect that the reaction rate constant for a 
given system would be a function of the variables that affect the structure 
of the surface deposit. For electrolytic processes these variables are 
well recognized to be: (15,16) 

temperature 

concentration of metal ion 

agitation 
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concentration of ligands 
current density 
addition agents 

Generally, these variables affect the surface deposit in the following 
way. Coarse-grained, loose and/or spongy deposits, i.e., deposits with 
a large effective surface area, are favored at elevated temperatures, 
high current densities, and high metal ion concentrations, whereas 
organic addition agents (glue, dextrine, and gelatine), low metal ion 
concentrations (which can be achieved by the addition of complexing 
ligands), and low temperatures favor bright, coherent, fine-grained 
deposits with a relatively smaller effective surface area. As an example, 
silver deposition from a nitrate solution by electrolysis tends to be 
coarse grained, but deposition from a cyanide solution results in a 
surface that is fine-grained, lustrous, and compact. 

The supposition that the structure of the surface deposit in 
cementation reactions also changes with these variables has been con- 
firmed, both qualitatively and quantitatively, in a number of systems. 
DrozdovU') has made the statement that porous deposits, those with a 
large effective area, result if the process takes place at a high rate, 
i.e., when concentrated solutions and active metals are used. Con- 
versely, fine-grained coherent deposits are obtained from dilute solu- 
tions of inactive metals. In cementation systems the influence of these 
variables on the surface deposit would be reflected in the reaction rate 
constant. Two of these variables, concentration of the noble metal ion 
and temperature, will be considered in further detail later. 

Another generalization, which may be more far-reaching than suspected, 
is that cementation reactions are diffusion controlled, especially at 
high temperatures. Frequently, activation energies in these systems range 
from 2 kcal/mol to 6 kcal/mol, which is to be expected for diffusion con- 
trol in an aqueous system. Recent evidence in one system, (23) suggests 
that diffusion is rate controlling even at low temperatures, where pre- 
viously it was thought that a surface reaction controlled the kinetic 
response. In any event as a consequence, the cementation rate constant, 
k, may be determined in most instances by the diffusion coefficient, D, 
and the diffusion layer thickness AX: 

k = fx &-*•»« 

We have in effect, for cementation systems, the analogue of concentration 
polarization for electrolytic deposition. 

In most heterogeneous solid-liquid systems, with increased mechanical 
agitation, or stirring, aX can be reduced to a constant thickness of about 
10"3 cm and under such conditions is referred to as the Nernst limiting- 
boundary layer. For diffusion-controlled cementation reactions then, 
the rate constant is very sensitive to the hydrodynamics of the system 
(the relative velocity between solid and liquid phases) up to the condition 
where the limiting-boundary layer is reached, after which the rate constant 
is independent of stirring rate. 

7.2.11 



Hydrometallurgy Cementation 



TABLE 7.2.2. Data for Selected Cementation Systems at 25°C.^ 3 ' 5 ^ 



Systems 


AE° volts 


Activation Energy 
kcal/mole 


Rate Constant 
cm/ sec 




2.0-5.0(12) 






Ag + /Cu 


0.46 


2.5-6.0xl0~ 2 


Ag + /Cu(CN") 


1.83 


3.7-5.8 




1.5xl0~ 2 


Ag + /Fe(Cl") 


1.29 


3.0 




2.2xl0" 2 


Ag + /Zn(CN") 


0.95 


5.5 




5.5xl0" 2 


Ag + /Zn 


1.56 


2.0-6.0(12) 




2.6-5.2xl0" 2 


Bi +3 /Fe 


0.76 


4.5-7.6 




2.9xl0" 2 


Cd^/Zn 


0.36 


4.0-4.7 




0.54-l.lxl0" 2 


Cu ++ /Fe 


0.75 


3.1-5.1 




0.6-0.9xl0" 2 


Cu^/In 


0.83 


2.3 




5.9xl0" 2 


Cu ++ /Ni 


0.57 


2.7-3.7(14.2-19 


.0) 


0.25"l.0xl0" 2 


Cu ++ /Zn 


1.10 


3.1 




1.6-2.1xl0" 2 


Ni^/Fe 


0.21 


-7.0 




-lxlO -4 


Pb ++ /Fe 


0.31 


12.0 




- 


Pb ++ /Zn 


0.64 


- 




0.64xl0" 2 


Pd ++ /Cu 


0.49 


9.5-7.4 




0.36-2.3xl0" 2 
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7.2.3 Initial Concentration 

To begin with, one can see from the empirical first-order rate 
equation [7.2.14] that ideally the rate constant should be independent 
of the initial concentration of the noble metal ion. Very few systems 
reported in the literature exhibit this independence. Only in the work 
of Episkoposyan,(21 ) Cu^ + /Fe system, was the rate constant found to be 
independent of the initial copper concentration and that being over a 
rather limited range of concentration. The effect the initial concen- 
tration has on the reaction rate constant is variable and rather inter- 
esting. The results from a number of systems are presented in Table 
7.2.3. 



Table 7.2.3 Summary of the Effect Increased Initial Noble Metal Ion Concentration 
Has on the Experimentally Observed Rate Constant. 







Apparent 


Concentrttion 


System 


Ret 


fate 
cor.r 


range, g/l 


Cu-'/M (S 


9 


decreased 


0.0635-0.635 


Cu'VFe (CI-) 


21 


no change 


0.245 -2.607 


Cu'-ZFe (SOJ-) 


4 


decreased 


0.508 -1.585 


Cu'/Fc (S0J-) 


23 


increased 


0.01 -0.2 






decreased 


0.2 -2.0 


Cir/Ni (SO;-) 


11 


decreased 


0.53 -2.9 


Cn'VZn (SO*") 


?2 


incr.Msod 


0.005 -0.1 


C,!- Zn - 


14 


raaaad 


50.0 -100.0 


Zn (SOj ) 


24 


increased 


0.005 -0.1 


Am'/Cu (NO") 


25 


Increased 


0.0027-4.28 


Ag'/Cu (SO; ) 


24 


increased 


• 0.1 


Ag Zn (N0;j 


25 


increased 


0.0028-3.21 


Zn (SO;") 


24 


increased 


•^0.1 



7.2.4 Temperature 

From the temperature dependence of the reaction rate constant, the 
apparent activation energy, E a , can be calculated, as was first proposed 
by Arrhenius at the turn of the century. The familiar relationship is: 



k = A exp (-E /RT) 
a 



[7.2.16] 



A plot of log k versus 1/T frequently results in a straight line from 
which E is determined. For reactions controlled by diffusion in a liquid 



7.2.13 



Hydrometallurgy Cementation 

phase, E is generally between 2 and 6 kcal/mol; whereas for a process 
controlled by a chemical reaction E a is greater than 10 kcal/mol. 

Most cementation systems at high temperatures have activation energies 
between 2 and 6 kcal/mol and are diffusion-controlled reactions. See 
Table 7.2.4 taken from Wadsworth. 

Table 7.2.4 Activation Energies from Selected Cementation Systems. 
After Wadsworth. '2 



System 


Activation 
energy, kcal/mol 


Ref. 


Cu 2+ /Zn 




3.0 
3.12 


22 
29 


Cu 2+ /IA 




5-16 


9 


Cu 2+ /In 




2.28 


28 


Cu 2+ /Fe 




3.08 
5.08 
5.06 


21 

3,4 
5 


?+ 
Cu /Cd 




2.02 


29 


Cu 2+ /Ni 


2 

7 


.7 to 19 
.0 to 45 


11 
10 


Ag + /Zn 




6.0 


30 


Ag + /Fe 




2.99 


21 


Ag + /Cu 




5.0 


7 


?+ 
P<r/Cu 


2. 


,0 to 9.5 


6 


Cd 2+ /Zn 


4. 


.0 to 4.7 


8 



A few systems, however, exhibit rather large energies of activation at 
low temperatures, which has been interpreted as being a change from a 
diffusion-controlled process at high temperature to a surface reaction- 
controlled process, or a pore diffusion process at low temperature. This 
phenomenon has been observed in the Cu2 + /Ni system, Pd2 + /Cu system, and 
the Cu2 + /Fe system. The characteristic shape or Arrhenius plots for these 
systems are presented in Figure 7.2.7. In each system, the critical 
temperature is about 35°C. Below this temperature it appears that the 
reaction is controlled by nondiffusional processes in that apparent 
activation energies from 10 to 45 kcal/mol have been observed. 
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Figure 7 .2.7 . 



Arrhenius Plot for a Cementation System that Appears to 
Exhibit a Change in Reaction Mechanism. 
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2+ 
Recent cementation experiments (Cu /Fe system) in an ultrasonic 

field by Beckstead suggest that these results are a consequence of the 
temperature sensitivity of the surface deposit, i.e., the observed 
activation energies at low temperatures are much too high, either because 
the nature of the surface deposit inhibits the anodic reaction or because 
of a change in the effective cathodic area. The ultrasonic system pro- 
vides an efficient way of maintaining a clean surface so that the surface 
deposit does not interfere with the interpretation of the kinetic data. 
As can be seen in Figure 7.2.8, when a clean surface was maintained by 
studying the reaction in an ultrasonic bath, an activation energy of 
4.55 kcal/mol was obtained at all temperatures indicating that the reaction 
is boundary- layer diffusion-controlled over this range of temperatures. 
However, in the absence of the ultrasonic field there appears to be a 
critical temperature below which the reaction is not boundary-layer 
diffusion-controlled. This may be attributed to a tight, coherent deposit 
whose formation is enhanced at lower temperatures and as a consequence 
appears to change the rate-controlling mechanism from cupric ion diffusion 
through the boundary layer to pore diffusion of ferrous ion from anodic 
sites. At low temperatures, when a tight, coherent deposit is formed 
the anodic area is greatly reduced and contact with the electrolyte may 
be minimal. In this case the rate should be independent of the cupric 
ion concentration, which is difficult to confirm because of the small 
fraction reacted. Alternately, and more probably, the observed phenomenon 
may simply be a continual decrease in the cathodic surface area with a 
decrease in temperature, as is suggested by the photographs in Figure 
7.2.9. 

7.2.5 Summary 

In conclusion, kinetic data from most cementation reactions support 
a diffusion-controlled, first-order reaction model. The anomalous effects 
of the initial concentration of the noble ion and the temperature dependence 
of some systems, which indicates a change in mechanism, may be inter- 
preted in terms of the nature of the surface deposit and/or the concen- 
tration dependence of self-diffusion coefficients. 

Practical application of these concepts suggest that concentration 
systems should be operated above the critical temperature in order to 
maintain either a clean surface or a porous surface deposit with a large 
effective surface area. Unfortunately, the critical temperature may well 
be a function of the concentration of the noble metal ion. However, in 
practice the effect of initial concentration and temperature may be 
trivial when typical plant results are considered. A comparison of the 
operations of two plants using cementation cones is given in Table 7.2.5. 
Notice that, to a good approximation, the production rate is directly 
proportional to the copper concentration as would be expected from a 
simple, pseudo first-order reaction. These results may indicate that the 
surface deposit is being effectively removed by the jets of the cone, a 
condition that most probably was not achieved by cementation in launders. 
The effects discussed in this review are difficult to see in a comparison 
of plant data that reflects variation and fluctuations in many of the 
parameters that control the reaction, and that may compensate for each 
other. 
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Fiaure 7 2 8. Arrhenius Plot for the Cementation of Copper (Initial 

Concentration 2 g/1) by Iron in the Presence and Absence 
of an Ultrasonic Field. 
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Figure 7.2.9. Photograph of Surface Deposit for the Cu 2+ /Fe System at 
15 and 45°C. 
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Table 7.2.5 Typical Plant Data for Copper Cementation on Iron Using 
Cementation Cones. 



Copper Copper 

production concentration 
Number rate g/1 , 

Plant of cones t/d/cone in feed 



#1 26 5.8 0.7 (30°C) 

=2 3 25 2.5 (30°C) 
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LEARNING ACTIVITY 3 

Dr. T. J. O'Keefe 
Professor of Metallurgical Engineering 
University of Missouri - Roll a 

7.3 Electrolysis 

Learning Activity Objective 

After completing your study of this material you should be able to 
describe the important features of an electrowinning cell and be able to 
use Faraday's laws for electrodeposition. 

7.3.1 Introduction 

On a production tonnage basis, the most widely used metal recovery 
technique (from aqueous solutions) is electrolysis. 

Electrolysis is the recovery of a metal from a solution by the use 
of electrical current. Schematically this is shown in Figure 7.3.1. 

An electrolytic cell must contain four essential components, i.e., 

a) an anode surface where oxidation occurs, 

b) a cathode surface where reduction occurs, 

c) an electrical conductor to carry current, and 

d) an electrolyte (an ionic conductor). 

A source of electrical power must be available in order to force 
reactions to occur that are not themselves spontaneous. 

In the mid-1800' s, Faraday established the relationship between the 
quantity of electricity flowing and the amount of material liberated. 
His investigations led to the formulation of the two laws of electrolysis. 

1. The amount of electrochemical decomposition produced at an 
electrode is proportional to the quantity of electricity 
(coulombs) passing through the circuit. 

2. The amounts of different substances produced by the same 
quantity of electricity will be proportional to their 
equivalent weights. 

One equivalent of any substance will be liberated (oxidized or 
reduced) by a Faraday, F, which is equal to about 96,500 coulombs. 

W= 9BoO t 7 - 3 - 1 ] 

w = wt. in grams 
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E = equivalent wt. , 



atomic wt. 
valence 



I = current, amps 

t = time, sec. 

Another term sometimes used is the electrochemical equivalent - the 
amount of material liberated by one coulomb, i.e., E/96,500. 



7.3.2 Sample Calculations 

1. Metallic silver is deposited from a nitrate solution for 40 
minutes by a current of 1.65 amps. Calculate the weight of silver col- 
lected. 

Solution 

The atomic weight of Ag is 107.87 g/mole. Silver is univalent, 
thus, the reaction is 



Ag (aqueous) + e * Ag (solid) 



The weight deposited can be calculated from 7.3.1, 
Elt 



V, = 



96,500 

(107.87 g/eg.wt.)(1.65 amps)(40 min.)(60 sec/min.) 



96,500 «*f£ 



w = 4.42g 



[7.3.2] 

[7.3.3] 
[7.3.4] 

[7.3.5] 



2. One molar sulfuric acid (H2SO4) is electrolyzed between two 
platinum electrodes. Determine the quantities of products obtained at 
each electrode if two Faradays of current pass through the circuit. 

Solution 

Any Faraday calculation must be proceeded by a correct evalu- 
ation of the reactions that will occur. Techniques for predicting the 
reactions occurring will be demonstrated in following learning exercises 
and will be shown to depend on the thermodynamic stability of the system. 

In this case, the Pt will not react to any extent at either electrode 
and the S04 = ion will also be stable. The reactions occurring are thus: 



2H + 2e -» H, 



(gas) 



I Cathode) 



H 2 ■♦ y) 2 + 2H + + 2e (Anode) 



[7.3.6] 
[7.3.7] 
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E H ■ 1 L.%%1. ■ 1 ^ W-fl 

w _ (1 g/eg.wt.)(2 Fa radays) (96,500 amp.sec/F) r _ , Q , 

W H " 96,500 amp.sec/eq.wt. iy.a.»j 

= 2g [7.3.10] 

8(g/eq.wt.)(2F)(96,500 amp .sec .) 
w = (96,500 amp.sec/eq.wt.) [7.3.12] 

w Q ■ 16g [7.3.13] 

The gas volumes can be calculated from the ideal gas law, i.e., 

Hydrogen 

7 mole H 1 mole H, 22.4 liters 

c 9 M x 1 gH 2 mole IT x mole H 2 

= 22.4 liters H 2 (at S.T.P.) [7.3.14] 

Oxygen 

ifi n n x mo1e ° y mo1e °? v 22 ; 4 * 

16 9 ° x 16g x 2 molest X mole 2 

= 11.2 liters of 2 (at S.T.P.) [7.3.15] 

3. Calculate the amount of Cu deposited from a solution at 90% 
current efficiency at a cathode current density of 20 amps per square 
foot for 1 hour. The cathode is 2 feet by 3 feet. 

Solutio n 

First the cathode reaction must be determined. In many 

electrolytes the Cu valence is (+2), however, it can be (+1) in some 

plating solutions or in the presence of certain organic compounds. If 

we assume the (+2) state for copper, then, 

Cu +2 + 2e" ■*■ Cu [7.3.16] 

E = ^ = 31.75 g/eq.wt. [7.3.17] 
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20 amps 
1 = J TTde- ^ 2 ft. X 3 ft. x ||gg = 240 amps [7.3.18] 

(31.75g /eq.wt.)(240 amps)(l hr.)(3600 sec./hr.) r? - .., 
96,500 amp. sec. /eq.wt. L/.^.iaj 

s 284.3 g at 100% C.F. 

If only 90% of the current gives Cu, 



w Cu = 284.3 x .90 = 255 g [7.3.20] 

2 Sc 

weight since 



These same conditions for a Cu solution would yield twice this 



E = £2ji = 63.5 g/equivalent [7.3.21] 

This points out the importance of the valence of the ion undergoing 
the electrochemical change. 

Theoretically, water will electrolysis at a potential of 1.23 volts, 
i.e., the following half cell reactions when summed give the cell potential 
as 1.23 volts. 



Cathode Reaction 

2H + + 2e = H 2 e° = [7.3.22] 

Anode Reaction 
2H 2 = 2 + 4H + + 4e e°=-1.23v [7.3.23] 

Overall Reaction 
2H 2 = 2H 2 + 2 k° = -1.23v [7.3.24] 

The sign of the cell potential is negative, therefore, the reaction 
is theoretically non-spontaneous as written, i.e., 1.23 volts are re- 
quired to force the reaction to occur. In actual practice a higher voltage 
is required than 1.23 volts because of polarization and resistance efforts 
in the system. 

In electrolyzing copper bearing solutions, 

Cu ++ + 2e = Cu £ ° = 0.34v [7.3.25] 

2H 2 = 2 + 4H + + 4e e° = -1.23* 
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Cell Reaction 
i 2 0- 



2Cu ++ + 2H-0 = 2 Cu + 9 + 4H + e° = -0.89v [7.3.26] 



Theoretically, 0.89 volts will be required to deposit copper from a 
solution of Cu ++ at a concentration of 1 mole/liter. In actual practice 
the voltage requirement is a function of pH, temperature and copper ion 
concentration, i.e., 

-0.89 volts 1 atm 



(a H + ) 4p 0, 



'- ~ £ - W 



RT .. ' a ^> u 2 



^Cu") 



^ [7.3.27] 



The actual cell voltage required in plant practice is also a function 
of electrolyte resistance, electrical connection resistance, electrode 
polarization effects. Copper electrowinning is discussed in learning 
activity 4. 

In electrolyzing zinc bearing solutions the theoretical cell 
potential is -1.99v. As a student exercise, show how this value is 
calculated. (Assume a Zn ++ = 1 and temperature is 298°K.) 

The cell potential required is about 2 volts. Why doesn't the 
solution decompose to H ? and ? gas rather than depositing Zn? 
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LEARNING ACTIVITY 4 

7.3.3 Electrowinning of Copper 

Learning Activity Objective 

After completing your study of the material in this learning 
activity you should be able to describe copper electrowinning processes; 
its features, and its problems. 

The material in this learning activity is from the text "Extractive 
Metallurgy of Copper" by A. K. Biswas and W. G. Davenport. It is repro- 
duced here by written permission. 

"Leaching operations and leaching plus solvent extraction operations 
produce solutions containing 30-60 kg m~3 of dissolved copper. The copper 
in these solutions is recovered in the form of copper cathodes, by electro- 
winning. The electrowinning process entails the application of an electrical 
potential between an inert anode (usually antimonial lead) and a copper 
cathode, both immersed in the copper-bearing solution. Approximately 
550,000 tonnes of electrowon cathodes are produced per year. 

The cells and electrical circuitry are similar (Table 7.4.1) to those 
employed in electrorefining. The essential difference between the 
processes is that; 

(a) electrorefining uses copper anodes, from which copper enters 
the electrolyte during the process; 

(b) electrowinning uses inert (non-dissolving) anodes. 

All the copper plated into cathodes during the electrowinning originates 
in the leach solutions. 



ELECTROWINNING REACTIONS 

The electrowinning cathode reaction is identical to that in re- 
fining, i.e. , 



?+ 
Cu^ + 2e 



Cu' 



e° = -0.34v 



[7.4.1] 



but the anode reaction is completely different. Since the anode is inert 
there is no copper to dissolve and some other reaction must occur. This 
reaction is the formation of oxygen gas which may be represented (Andersen, 
et al. , 1973) as: 
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H 2 - H + + (OH)" - HP 2 + 2H + + 2e" 
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e° = -1.23v 



The net electrowinning reaction (including sulphate ions) is: 



?+ 
CiT + SO 



2- 



2- 



[7.4.2] 



[7.4.3] 




, 4 + H 2 ■* Cu° + %Q 2 + 2H + S0 4 

for which the standard cell potential is: 

e° = -0.89V 

It can be seen from equation [7.4.3] that the products of electrowinning 
are copper metal at the cathode, oxygen gas at the anode, and a net re- 
generation of sulphuric acid which is recycled to the leaching or solvent 
extraction stripping circuits. 

CELL VOLTAGE AND ENERGY CONSUMPTION 

The overall electrowinning process involves changing ionic species 
to atomic species so that a definite energy and decomposition voltage 
are required. The theoretical voltage requirement may be calculated from 
the standard potential of reaction [7.4.3] and the activities of the ions 
in solution, i.e., 



E - E 



-fin 



< a H + >' 



l Cu 



2+ 



[7.4.4] 



(assuming the electrode products are pure Cu° and Op)- 

The value of aQ u 2+ is approximately 0.1 (0.5 molar solution; activity 
coefficient 0.2; Weast, 1974) while a„+ is approximately 1 in the strongly 
acidic solution, from which: 

e° = -0.92v (318°K). 

In addition to this theoretical decomposition potential, the pro- 
duction of gaseous oxygen at the anode requires a significant "overvoltage" 
in the order of h V. This overvoltage must be applied to provide the acti- 
vation energy for combining absorbed oxygen atoms (at the anode) into 
oxygen gas (O2). Thus the actual decomposition potential is approximately _~ 
1.5V and the total cell potential (operating at a current density of 180 Am" ) 
is the sum of the voltages in Table 7.4.2. 

The total cell voltage for electrowinning is in the range of 2-2.5 V 
as compared to only 0.2-0.25 V for copper refining. As the list below 
shows, most of this extra potential is due to the 1.5 V decomposition 
potential, but in addition, the IR voltage drop through the electrowinning 
solutions is high due to their relatively low H2SO4 concentration. The 
conductivity of leach electrolytes is in the order of 0.2n - 1 cm -1 (Weast, 
1974), solvent extraction electrolytes 0.6ft"l cm~l , and refinery electrol 



0.7Q 



trolytes 



cm" 
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TABLE 7.4.2 

Decomposition potential to produce Cu° 0.9 

Anode overvoltage 0.6 

Voltage drop in the electrolyte (V = I x R) 0.5 

Cathode potential due to organic and 
polarization 0.05 

Anode and cathode connections, busbar and 

lead losses 0.05 

Total cell voltage 2.1 V 

Since the electrical energy per ton of cathode copper is directly 
proportional to cell voltage, i.e., 

fbLu./**»Mu. ~f „ f L^„> _ V x 8.4 x 10 (ampere hours tonne" ) 
(kWh/ tonne of cathode) 1000 x CE/100 

it can be seen that the energy consumed in electrowinning is approximately 
10 times that of electrorefining, i.e., 2000 - 2500 kWh/tonne -1 DC energy 
(2100-2700 kWh AC accounting for rectification). This energy consumption 
can be lowered slightly by lowering the current density (which lowers 
the IR voltage drops throughout the electrical system) but this step has 
the negative effect of lowering the production rate of cathode copper. 

CATHODE CURRENT EFFICIENCY: 
INTERFERING IRON REACTIONS 

Cathode current efficiencies in electrowinning plants vary from 77 
to 92% (Table 7.4.1). These rather low values are indicative of high 
energy consumptions (per tonne cathode) and low production rates. 

The low current efficiencies are inevitably the result of high ferric 
ion concentrations in the electrolyte, which consume part of the cathode 
current by the reaction: 

Fe + + e" -*- Fe 2+ e° = +0.77V [7.4.6] 

2+ 
Furthermore, the resulting Fe ions may be reoxidized by dissolved .,, 

oxygen (from air or from the oxygen evolving at the anode) so that Fe 

ions may be regenerated. The results are that the iron reduction/oxidation 

reactions become cyclic and that, as a consequence, significant quantities 

of cathode current are consumed. Thus, the Chambishi electrolyte (Fe3 + , 

6 kg m"^) results in a 77% current efficiency while the Nchanga electrolyte 

(Fe^ + , 0.3 kg m - 3; Fe^ + , 0.9 kg m~3) gives a current efficiency of over 

90Z (Table 7.4.1). An important method of lowering energy cost and 

raising production rates is, therefore, the removal of iron from the 

electrolyte. 
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One further problem caused by ferric ions is that they tend to 
cause corrosion of the cathode loops at the solution line by the reaction 
(Andersen, et al. , 1973): 

2Fe 3+ + Cu° ■* 2Fe 2+ + Cu 2+ e° = 0.33 V [7.4.7] 

This limits the time which a cathode can be left in the cell. For this 
reason, electrowon cathodes are somewhat lighter (40-70 kg) than refining 
cathodes (100-150 kg). This problem can be alleviated to some extent by 
varying the level of the electrolyte and by operating at a lower temperature, 
30-35°C (McArthur and Ledeboer, 1961). 

Iron is always present in the minerals which enter the leach plant 
and it always dissolves to some extent in the electrolyte. It must, there- 
fore, be removed to prevent it from building up during the cyclic use of 
the electrolyte as the leaching agent. This removal is performed by: 

(a) decopperizing and discarding a portion of the leach solution 
(a method which is of decreasing importance due to pollution 
problems and acid wastage); 

(b) oxidizing the solution with Mn02 and neutralizing it with 
burnt lime to pH 2 or 2.5. This procedure causes the 
precipitation of iron hydroxides or Na or NH3~ iron jarosites, 
which are settled using organic flocculating agents. 

This latter method is the most common, and it is often modified to 
suit local conditions. For example, the phosphates of the Zaire ores 
are used (Theys, 1970) to precipitate hydrolysed ferric phosphate, which 
requires less neutralization (i.e., lower burnt lime additions) than the 
normal Fe(0H)3 type of precipitation. 

A novel development in the Chambishi leach plant circuit (Verney, 
et al., 1969) is the diversion of some of the pregnant leach liquor 
into the fluid bed roaster of the sulphide-roast-leach plant. This has 
three beneficial effects: the roaster is kept cool; the water balance 
in the plant is maintained by evaporation; and about half the iron in 
the leach liquor is rendered insoluble (as Fe ? 0~), thus effectively re- 
moving it from the electrolyte circuit. 

PURITY OF CATHODE: BEHAVIOR OF 
ELECTROLYTE IMPURITIES 

The purity of electrowon cathodes (99.75-99.9% Cu, Table 7.4.1) is 
inferior to that of electrorefined cathodes (99.99+2 Cu less than 0.005X 
metallic impurities). Electrowon cathodes are, however, suitable for 
all non-electrical uses. Only in the Chambishi operation (Verney, et al. , 
1969) has an attempt been made to attain refinery grade cathode purity 
but as of yet the bismuth, selenium and lead contents are all at excessive 
levels. Lead is an especially difficult impurity to avoid because it 
originates with the anodes. Lead adversely affects the annealing proper- 
ties of copper wire and hence it represents a serious quality problem for 
electrowon cathodes. 
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Most of the cathode impurities are caused by the occlusion of 
solid material arising from: (a) incomplete clarification of the 
leach solution, and (b) the corrosion products (solid lead sulphate 
or lead oxide) from the lead anodes. The evolution of oxygen gas at the 
anodes created turbulent conditions in the electrowinning cells and this 
causes the particulate solids to reach the cathode surface where there 
is a high probability that occlusion will occur. It is important, there- 
fore, to remove as much as possible of the particulate solids from the 
leach solutions (by clarification and filtration). 

The most important source of impurities is the lead anode. The 
surface is oxidized to form an almost insoluble oxide (PbC>2) layer but 
this layer tends to flake to a slight extent and these flakes tend to 
be carried over into the cathode deposit. Flaking and corrosion of the 
anode are minimized by alloying the lead with Sb (6-155;) with or without 
Ag (0.15-0.5%). 

A possible answer to the lead carryover problem is the use of truly 
noncorroding anode materials (Hopkins, 1973). The most extensively 
studied materials are refractory metals (specifically titanium) plated 
with a very thin layer of noble metal. This latter layer is necessary 
because in anodic service, the refractory metals form a completely non- 
conductive oxide surface layer, i.e., they anodize. Gold, platinum, 
iridium, rhodium and ruthenium are the suggested coatings and it may also 
be possible to make the refractory metal oxide sufficiently conductive 
by doping it with other metal cations to form a semiconductor layer. 
All of these electrodes are expensive, however, and to date their use 
is restricted to the test stage. 

The principal organic additions to electrowinning solutions are 
flocculents which aid in the settling of solids thereby minimizing occlusion 
at the cathode. The types in common use are colloidal polysaccharides 
(Guartec Jaguar), polyacrylonitriles or polyacrylamides (Separan, Aerofloes). 
Organic oil mist inhibitors are often floated on the electrolyte to min- 
mize the quantity of sulphuric acid mist generated by oxygen bubbles 
bursting at the anode-electrolyte surface. 

ELECTROWINNING TANKHOUSE PRACTICE 

The use of inert anodes and the application of high voltages in 
electrowinning are the only significant differences from electrorefining 
operations. The cells are concrete, lined with lead (often protected 
with wooden slats), and they have the same range of dimensions as in 
electrorefining. The substrates for the cathodes are most commonly 
starting sheets obtained from copper refineries but in one case electrowon 
starting sheets are employed. The latter tend, however, to be somewhat 
brittle (McArthur and Ledeboer, 1961). 

The lead anodes are cast around copper support bars. They weigh 
in the order of 100 kg and, since they corrode very slowly, they remain 
permanently in the cells (i.e., they last 2-7 years). 
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The anodes and cathodes are interleaved as in refining and they 
are connected electrically in parallel. Cells and sections are connected 
in series. Completed cathodes are "pulled" every 5-8 days (depending on 
the current density) after which time they weigh 40-70 kg. Only half 
the cathodes are pulled from the cell at one time (to be replaced by 
new starting sheets) in order that electrical current flow and copper 
deposition are not interrupted. There is very little residue or sludge 
formed in the cell or on the anode faces and cleaning need only be carried 
out every 6 months to a year. 

Since the anode material tends to contaminate the cathode product 
the electrodes are often held apart by porcelain, rubber or plastic 
spacer knobs or bars affixed to the anodes. 

The electrolyte becomes depleted in copper during its passage 
through the deposition cells and it becomes more acidic (equation 7.4.3) 
as it does so. This "spent" electrolyte is recycled to the leaching 
circuit or, in the case of solvent extraction plants, to the stripping 
mixer/settlers. 

The final cathodes are sold directly, melted into ingots for 
mechanical and alloying use or melted and blended with refined copper 
for all-purpose use. 

SPECIAL PROBLEMS OF SOLVENT EXTRACTION ELECTROLYTES 

Solvent extraction electrolytes differ from direct leach electro- 
lytes in that they are high in sulphuric acid (150 kgm), they are very 
low in impurities, and they are contaminated with the extraction solvent. 

The high sulphuric acid level is an advantage from the point of 
view of providing a high conductivity electrolyte but it does lead to 
an increased rate of corrosion and Pb02 flaking at the anode (Hopkins, 
et al.y 1973). The cathode deposit occludes some of this lead-bearing 
solid and the cathode always contains more than 15 ppm of lead. In 
practice this means that whereas the cathode copper is perfectly suitable 
for mechanical and alloying usage it cannot be used for electrical 
engineering purposes. 

Improvement of cathode purity from solvent extraction electrolytes 
will require an insoluble anode. 

The presence of small amounts of the organic phase from the solvent- 
extraction process causes discoloration of the cathode deposits par- 
ticularly at the top of the cathode and at the side edge (Hopkins, 1973). 
This dark chocolate-colored portion of the deposit is referred to as 
"organic burn." The deposits in the "organic burn" area are soft and 
powdery and it is likely that a high entrainment of impurity solids 
occurs on the burn areas. 
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Hopkins, et at. (1973) have shown that this "organic burn" is a 
direct consequence of the carry-over of entrained solvent (e.g., LIX 64N) 
into the electrolysis cells. The solvent extraction diluents (e.g., 
kerosene) and the small amount of dissolved solvent alone do not create 
this condition. Good mixer-settler design will minimize the amount of 
solvent carry-over and it will prevent any serious organic burn condition. 

In summary, it can be seen that unless truly inert anodes are 
employed the cathode product from solvent extraction will be less pure 
than refinery copper. There is a large market for non-electrical grade 
copper, however, and solvent extraction cathodes are suitable for it. 



RECENT IMPROVEMENTS IN ELECTROWINNING PRACTICE 

Improvements in electrowinning practice have in general followed a 
similar pattern to those of electrorefining. High current density electro- 
winning with periodic current reversal is being developed (Lickens and 
Charles, 1973) and it is being incorporated in the Zaire electrowinning 
plants. The pilot tests reported by Lickens indicated that doubling the 
current density from 240 A m~ 2 DC to 480 A m with periodic current re- 
versal (9 sec. forward, 0.5 sec. reverse always at 250 A m~2) causes no 
deterioration in cathode appearance or increase in modular growth. Un- 
fortunately the test data are limited and no figures on cathode purity 
or production rate are available. The energy consumed per ton of cathodes 
is reported to increase by 20% with the doubling of current density. 

Other improvements have largely followed the mechanical and control 
improvements incorporated in modern electrorefining plants. These have 
been: 

(a) improved filtering and settling facilities in the leach 
plant to minimize impurity solids in the electrolyte; 

(b) the use of mechanical starting sheet straightening and 
mechanical cell loading devices to optimize labour utili- 
zation and cell efficiency; and 

(c) the use of solid-state rectifiers which are efficient 

in energy conversion, and which will be necessary for any 
current reversal system. 

These improvements have all served to improve cathode quality, production 
rate, energy efficiency and labour utilization. 

SUMMARY 

This chapter has shown that the electrowinning of copper from leach 
and solvent extraction electrolytes results in the plating of copper at 
a cathode and oxygen at an (inert) anode. The process requires 2000-2500 
kWh of electrical energy per ton of cathode copper at an applied potential 
of 2-2.5 V, both of which are ten times the equivalent requirements for 
copper refining. 
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Electrowon cathodes are inferior in purity to electrorefined 
cathodes but they are perfectly suitable for all but electrical uses. 
A major source of impurities is the solid corrosion products of the 
antimonial lead anodes which tend to become occluded in the cathode 
deposit. The use of truly non-corroding anodes (such as titanium, 
plated with platinum) may improve cathode purities. Efficient clari- 
fication of leach solutions is also important in obtaining high-purity 
cathodes. 

Periodic current reversal is being tested with the view of in- 
creasing production rates but its implementation is considerably be- 
hind that in the electroref ining industry. 
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LEARNING ACTIVITY 5 

Dr. D. Robinson 
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Tucson, Arizona 

7.4 Electrowinning Plant Practice 

Learning Activity Objective 

Following your study of this learning activity you should be able 
to describe the electrowinning process and to describe some of the 
industrial problems encountered in the process. 

7.4.1 Purpose of the Process 

One way to produce a high purity metal is to smelt a concentrate 
to a crude bullion (pyrometallurgy) and then electrorefine that product. 
This was discussed in the previous learning activities. Another way is 
to dissolve the concentrate values in a solution (hydrometallurgy) and 
then recover the metal electrolytically from solution. In this latter 
approach, the electrodeposition operation has been termed electrowinning. 
The metal is "won" from the solution by deposition. The electrowinning 
process is run in conjunction with a leaching process. The solution 
produced in the leaching plant must be suitable for use in the electrolysis 
plant, and the depleted solution from the electrowinning plant must be 
suitable to be returned for further use in the leaching plant. 

In a typical zinc leaching plant, zinc oxide concentrate is dissolved 
in sulphuric acid. The solution rich in zinc and oxygen is sent to a 
tankroom where the zinc is deposited on the cathode. The oxygen is 
evolved from the solution and sulphuric acid is regenerated for further 
leaching. The process is depicted in Figure 7.5.1. Three functions are 
accomplished, i.e., metal is recovered from solution, oxygen is driven 
off, and acid is regenerated. 

7.4.2 The Cathodic Process 

Since the metal values are already i n solution, there is no chance to 
recover impurities more noble than the major metal in an anode slime, i.e., 
there is no anode dissolving in the solution. However, the more noble 
impurities will deposit at the growing cathode along with the major metal. 
Some selectivity is achieved, i.e., the less noble impurities present in 
the electrolyte are rejected and not deposited at the cathode. If the 
more noble impurities are to be kept out of the cathode, they have to be 
removed from the solution in a previous purification step. 

Almost every metal can theoretically be recovered in an electrowinning 
type of process. However, the deposition will not take place properly 
unless the more noble impurities are removed almost completely from the 
solution. In copper or silver electrowinning, noble impurities deposit 
at the cathode. However, when the less noble metals like zinc, nickel, 
iron, and manganese are to be deposited, the more noble impurities 
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depositing at the cathode form galvanic cells with the major metal and 
cause the latter to re-dissolve after being initially plated. This ef- 
fect is so important that in a zinc plant, if the antimony concentration 
is greater than 0.2 mg per litre, virtually no zinc will be deposited. 

Figure 7.5.1. Simplified Zinc Leaching Electrowinm'ng Circuit. 
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The fact that less noble metals react in solution with the more 
noble impurities, however, is the basis for a purification process. In 
a zinc powder mixed into the leach solution causes the more noble impur- 
ities in solution to precipitate as a sponge or slime. This is called 
cementation. The process can yield a solution free of impurities so 
that very pure (99.99-99.999%) metal can be deposited. 

7.4.3 The Anodic Process 

In electrowinm'ng, the anode does not serve as the source of the 
metal ions as it did in electrorefining. It serves only as the positive 
electrode in the cell. Thus it must be made of a material which will 
not dissolve in the solution. 
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Most leaching - electrowinning is accomplished in sulphuric acid 
solutions. Lead or lead alloys are not readily soluble in sulfuric acid 
and they are extensively used as anodes. 

In electrowinning the cathodic process has the same chemical re- 
action as in electrorefining, i.e., 

M +z + ze ■* M [7.5.1] 

The anode reaction, however, is different. In sulphuric acid it 
is the decomposition of water. 

H 2 •* 2H + + Js0 2 + 2e" [7.5.2] 

Oxygen is evolved from the cell. Hydrogen ions combine with sulphate 
ions, to form sulphuric acid: 

2H + + S0 4 = ■+ H 2 S0 4 [7.5.3] 

The anode forms a coating on the surface of lead dioxide, PbOg- 
It is actually on the oxide surface that the oxygen evolution reaction 
occurs. It cannot occur on pure lead. During electrolysis, some of 
the oxygen diffuses into the lead oxide coating. It reacts with fresh 
lead at the lead - lead oxide interface. This leads to a thickening of 
the film. At the same time, the portion of the coating that is exposed 
to the solution dissolves very slowly to yield lead ions in the solution. 
The lead solubility is very low, about 10 mg/1 , but it is still slightly 
soluble. The lead ions that go into solution are incorporated into the 
growing cathode. Cathodes with 1-10 ppm of lead are commonly obtained. 

Various lead alloys have been found to dissolve slowly in particular 
solution, e.g., Pb - 0.75% Ag in zinc solutions, while Pb - 0.05% Ca in 
some copper sulphate solutions. 

To overcome this slow rate of corrosion and totally prevent lead 
from entering the cathodes, anodes of titanium with conductive coatings 
of precious metal oxides have been used. General acceptance of this 
technique has not yet been achieved. 

The anodic process of evolving oxygen leads to the formation of 
very fine bubbles of oxygen. They originate at many points on the anode 
and then rise to leave the cell solution. As the bubbles form and rise 
to the surface of the solution, they pick up and carry small quantities 
of the cell solution. When the bubble reaches the surface, it breaks 
and causes a mist to be sprayed up from the cell. The mist will often 
be present in the entire plant atmosphere, and can be objectionable to 
work in, as well as being corrosive to plant equipment. The problem is 
intensified at higher operating current densities. 
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7.4.4 Solution Mixing 

Solution movement is generated in several ways. As the metal deposits 
at the cathode, a very thin layer of solution depleted in metal ions exists 
at the cathode surface. This layer has a lower density than the rest of 
the solution, hence it tends to rise and be replaced by fresh solution rich 
in the metal ions. This creates a slow upward natural convective motion 
at the cathode, Figure 7.5.2. 

Figure 7.5.2. Natural Convection at Cathode. 
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The anode generated oxygen bubbles produce an upward motion at the 
face of the anode. The movement becomes more intense as the current 
density is increased. As seen in Figure 7.5.3, the solution rises up the 
anode and descends in front of the cathode. Most of the motion actually 
occurs as eddies of solution circulating at the top half of the electrodes. 
Little motion is generated near the bottom. 
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Figure 7.5.3. Anode Induced Convection. 



Ca thode 



Oxyge 




Anode 



New solution entering (rich in metal ions) and leaving (depleted in 
the metal) causes a general movement of solution in the cell. It does 
not contribute greatly to the solution movement between electrodes be- 
cause of the baffling effect of the plates. 

When metals such as nickel, zinc and manganese, all of which are less 
noble than hydrogen, are deposited, there is a natural tendency to reduce 
some hydrogen ions to hydrogen atoms. These react to form gas bubbles. 
These bubbles (generally small in number) move very quickly up the cathode 
face. This motion occurs immediately adjacent to the cathode and creates 
local intense mixing to the solution. 

Solution mixing allows the cells to run at higher currents than if 
the solution were stagnant. 

7.4.5 Control of Acid Mist 

Several methods have been devised to eliminate acid mist from the 
tankroom atmosphere. These can be divided into two general types: 
a) scrubbing the acid mist at the vessel surface, and b) moving air above 
the cells to prevent buildup of objectional concentrations of acid mist 
in the surroundings. 

An effective method for mist depression can be achieved by forming a 
blanket of foam on the surface of the cell solution. A proprietary solu- 
tion of Dowfax 2A-1 added as a few drops to each cell spreads out like an 
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oil slick and is frothed into a blanket by the rising anode bubbles. 
This has been used extensively in copper electrowinning plants and to a 
lesser extent in zinc plants. The organic frothing solution reacts un- 
favorably with some solutions such as copper solvent extraction solutions 
and most zinc electrolytes, rendering it unuseable. The foam blanket is 
very effective at depressing the acid mist, and preventing it from leaving 
the cell , Figure 7.5.4. 

When the foam type scrubber cannot be used, a blanket of hollow or 
solid polypropylene balls 2-3 layers deep has been successfully used. 
It also depresses the acid mist and retains the acid in the cell. The 
small balls, usually k to h inch in diameter may enter pumps, tanks, 
filters, etc. throughout the plant, Figure 7.5.5. 

A third shrouding method is to simply cover the cells with a 
plastic box, Figure 7.5.6. This does prevent acid mist from getting 
into the plant atmosphere, but it allows the condensed acid solution to 
fall onto the leader bars, bus bars, and contacts. Corrosion normally 
is, therefore, \/ery rapid. 

The second conceptual method is to allow the acid to enter the plant 
atmosphere. Air is moved horizontally along the tops of the cells and 
is expelled from the plant through a scrubbing tower, Figure 7.5.7. 

A modification of the laminar air flow method is to place cover 
plates 6 to 12 inches above the cells. Then a current of air is directed 
between the cells and the cell cover. 

7.5.6 Problems of Heat Generation 

The resistance of the electrolyte causes heating in the cell. Heat 
is also generated at electrical contact, and other electrode resistances. 
Some of this heat is lost from the cell by vaporization processes. The 
electrolyte rises to some stable temperature. 

In most electrowinning plants there is an optimum solution temper- 
ature, 30-45°C. If the temperature is too high, the anode corrosion 
rate increases, leading to a higher lead content in the cathode, and a 
shorter anode life. The cathode deposit can be deleteriously effected 
by temperatures both above and below the optimum level. 

If solution heating is required, in excess of that generated in 
the cell, shell and tube heat exchangers are generally used. If cooling 
is required, cooling coils placed in each cell or an external atmospheric 
cooling tower can be used. 

7.4.7 Metal Recovery and Size of Operations 

The metals that are electrowon on a commercial scale include zinc, 
cadmium, copper, nickel, cobalt, and manganese. The plants range in 
size from 200 to about 800 tpd. Cadmium is recovered solely as a by- 
product of zinc processing. A typical zinc plant size will produce 
1000-3000 pounds of Cd per day. 
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Figure 7.5.4. View of a Cell with a Foam Blanket on the Solution. 
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Photograph of an operating electrowinning cell at the Ray Mines 
Division plant. The cell as viewed from 5-10 feet away to show 
the cell walls and the electrode header bars as well as the foam 
blanket used to suppress the acid mist. (Photo Courtesy of 
Kennecott Copper Corporation) 
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Figure 7.5.5. Supression of Mist by Polypropylene Spheres. 




(Photo Courtesy of Bagdad Copper Company) 



Figure 7.5.6. Supression of Mist by Shrouding the Cell with Polythene 
Sheets. 




(Photo Courtesy of Bagdad Copper Company) 
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Figure 7.5.7. Control of Mist by Use of Moving Air Over the Tank Surface. 




(Courtesy of Powesland Engineering, Toronto, Canada) 
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Copper is produced in leach - electrowinning plants ranging in 
size from 1 or 2 tpd up to 150-200 tpd. Nickel is processed in only a 
few plants in the world by electrowinning. The production rate is about 
20-100 tpd. Cobalt, like cadmium is exclusively a byproduct metal occur- 
ring with nickel and sometimes copper ore. Quantities in the hundreds 
of pounds per day are treated. Pure manganese metal is produced solely 
in electrolytic plants. 

7.4.8 Chemistry and Electrochemistry of the Zinc Cell 

Zinc is the highest tonnage metal processed by electrowinning. It 
is also one of the most technically difficult metals to recover. A 
study of the various features of the zinc cell will be used to provide 
an understanding of electrowinning in general. 

Contents of the Solution 

The purified solution from the zinc leach plant will contain 150- 
200 gpl of zinc as zinc sulphate, up to 10 gpl of magnesium and lesser 
quantities of calcium, chromium, manganese and aluminum as less noble 
impurities. Noble impurities, 0.01 to 10 mg/1, such as antimony, arsenic, 
cadmium, cobalt, iron nickel, selenium copper and lead will also be 
present. Some non-metallic impurities will also be present, such as 
chloride and fluoride ions. Some organic materials, gum arabic or 
animal glue, may also be present. 

Each of the above species may have an important effect on the 
winning process. The less noble elements will generally increase the 
solution resistance and hence increase the cell heating. The more noble 
impurities will be removed from solution during purification, so the 
remaining quantities are often not harmful. Their general role, though, 
is to deposit at the cathode and decrease the metal purity. Manganese 
will be discussed later. 

Reactions in the Solution 

The most prominent feature of an operating zinc cell is that the 
solution is red tinted. This color is due to the presence of manganese, 
as the permanganate ion. The red color is usually an indication that 
most of the harmful chemicals are under control. 

If one of the more noble impurities is present in a higher than 
normal concentration, e.g., antimony at 0.1 mg/1 instead of 0.01 mg/1, 
it would have an adverse effect on the cathode. It would deposit with 
the zinc. A galvanic cell with zinc would be formed and zinc would 
dissolve. Also, it would cause hydrogen to be evolved at a higher rate 
than normal. The hydrogen would reduce the permanganate ions to the 
colorless manganous ion. The solution would become more acid due to 
the increased hydrogen ion concentration. The increased acidity would 
increase the rate at which the zinc was dissolved. Therefore, the color 
of the solution can be an indication of how well the cathode process is 
operating. 
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Reactions at the Cathode 

The more noble impurities deposit slowly at the cathode. They have 
the effect of bot decreasing the purity of the zinc, and of "using it 
to reaissolve. The fluorides present in the cell, even though present 
as anions with a negative charge can still be present near the negatively 
charged cathode. The adverse effect of this will be discussed under 
cathode materials. 

7.4.9 Cathode Materials 

In zinc electrowinning, aluminum and its alloys are used exclusively 
as the cathode material. Aluminum forms a thin and somewhat porous oxide 
film in air. This film is quite important to the electrowinning process. 
If the film were totally absent, zinc would attach itself very tightly 
to the cathode blank and it would be difficult to remove the zinc from 
the blank. If the surface were completely covered with a fairly thick 
oxide film, the cathode blank would not conduct electricity and hence 
no zinc would be deposited. 

Fluoride ions in solution are attracted by the aluminum oxide film, 
and dissolve it quite quickly leading at times to an undesriable tendency 
of the zinc to stick to the aluminum. 

In copper electrowinning, several materials have been used as blanks. 
The most successful has been titanium, stainless steel and copper plates 
precoated with an oil or emulsion. In some manganese electrowinning 
plants, nickel copper plates precoated with an oil or emulsion are used. 
In manganese, nickel and cobalt electrowinning plants, stainless steel 
and titanium are in use. Cadmium electrowinning plants normally use 
aluminum as the cathode material. 

Pretreatments are sometimes employed to control the adhesion of 
the depositing metal to the blank. Wire brushing abrasion has been use- 
ful for controlling adhesion to aluminum and stainless steels. Anodic 
etching or mechanical abrasion are another possible surface treatment, 
e.g., used on Ti starter sheets. 

7.4.10 Anode Materials 

As mentioned previously, Pb-0.75% Ag is widely used in zinc plants 
as the anode material. Alloys of lead with calcium or antimony are 
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used in copper plants. The most widely used alloy in copper plants has 
been the Pb-6% Sb alloy. The corrosion rate of this alloy is often re- 
ported to be greater than other lead alloys but it is a very hard alloy 
with good structural strength. 

In zinc plants, the anodes are often pretreated in a fluoride - 
sulphate solution to form a stable lead oxide coating. In copper plants, 
the presence of 50-100 mg/1 of cobalt in the electrolyte has a similar 
effect of forming a stable oxide film. 

7.4.11 Cell Design Considerations 

To avoid contamination problems, resulting from electrode short 
circuiting, electrode spacers are installed. Some of the spacers in 
use include: slotted boards in the bottom of the cell; plastic insulators 
afixed near the bottom of the anodes; and plastic or wooden spacers 
mounted along the top of cells. These are shown in Figure 7.5.8, 7.5.9, 
and 7.5.10. 

A sludge of lead sulphate, lead dioxide and manganese dioxide gen- 
erally forms in the cells and cleaning is necessary every 30-60 days. The 
sludge is vacuumed out of the cells in some plants and flushed out through 
bottom drains in others. In most cases the sludge is treated for the 
recovery of lead. In zinc plants the slimes are treated for silver and 
manganese recovery. 
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Figure 7.5.8. Use of a Spacer Board Fixed to the Bottoms 
of the Electrodes to Provide Spacing. 
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Figure 7.5.9. Use of Plastic Insulators Fixed to the Bottom 
of Individual Anodes to Space the Electrodes. 
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Figure 7.5.10. Use of Plastic Insulator on the Cell Top 
Bus Bar to Provide Electrode Spacing. 
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